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Abstract
Lungs are complex organs comprising many and varied cell types with distinct and complementary functions.
These myriad lineages arise during development from common progenitors through series of patterning cues
and cell fate decisions. Epigenetic regulation of cell fate decisions is critical in many stem and progenitor cells
and in the specification and appropriate development of many organs, but its role in lung development is
largely unknown. In this work, I show that the Polycomb Repressive Complex 2 enzyme Ezh2 is required for
lung development. I demonstrate that Ezh2 is highly expressed during early lung development and that
expression diminishes late in development. Using conditional genetic deletion of Ezh2 in the lung endoderm
and in the lung mesoderm in mice, I found that Ezh2 is required to suppress cell cycle inhibitors during lung
development and allow proliferation and proper lung growth, alveolar development, and the capacity to
breathe at birth. Gene expression, immunohistochemistry, and lineage tracing analyses show that Ezh2 in the
endoderm suppresses the basal stem cell lineage and regulates the balance of basal cells and secretory club
cells. Further conditional genetic deletions of Ezh2 in the basal cell and club cell lineages show that Ezh2 is
not required to balance these cell types once they express mature lineage markers. Gene expression,
immunohistochemistry, and lineage tracing analyses show that Ezh2 in the mesoderm suppresses ectopic
smooth muscle development from the mesothelium. Conditional genetic deletion of Ezh2 in the mesothelium
shows a mesothelial-specific requirement for Ezh2 to suppress the smooth muscle lineage. Chromatin analysis
reveals that Ezh2 represses master transcription factors of the basal cell and smooth muscle lineages, thereby
suppressing these lineages during lung development. These studies reveal a critical role for epigenetic
transcriptional repression by Ezh2 to suppress ectopic lineages and allow normal lung development.
Degree Type
Dissertation
Degree Name
Doctor of Philosophy (PhD)
Graduate Group
Cell & Molecular Biology
First Advisor
Edward E. Morrisey
Keywords
basal cell, endoderm, Ezh2, lung, mesoderm, mesothelium
Subject Categories
Developmental Biology
This dissertation is available at ScholarlyCommons: http://repository.upenn.edu/edissertations/2029
THE	  ROLES	  OF	  EZH2	  IN	  LUNG	  DEVELOPMENT	  
Melinda	  Snitow	  
A	  DISSERTATION	  
in	  
Cell	  and	  Molecular	  Biology	  
Presented	  to	  the	  Faculties	  of	  the	  University	  of	  Pennsylvania	  
in	  
Partial	  Fulfillment	  of	  the	  Requirements	  for	  the	  
Degree	  of	  Doctor	  of	  Philosophy	  
2015	  
	  
Supervisor	  of	  Dissertation	   	   	   	   	   	  	  
	  
	   	   	   	   	   	  
Edward	  E.	  Morrisey,	  Ph.D.,	  Professor	  of	  Medicine	   	   	   	   	   	   	  
	  
	  
Graduate	  Group	  Chairperson	  
	  
	   	   	   	   	   	  
Daniel	  Kessler,	  Ph.D.,	  Associate	  Professor	  of	  Cell	  and	  Developmental	  Biology	  
Chair,	  Cell	  and	  Molecular	  Biology	  Graduate	  Group	  	  
	  
Dissertation	  Committee:	  
Christopher	  Lengner,	  Ph.D.,	  Assistant	  Professor	  of	  Biomedical	  Sciences	  
Marisa	  Bartolomei,	  Ph.D.,	  Professor	  of	  Cell	  and	  Developmental	  Biology	  
Paul	  Gadue,	  Ph.D.,	  Associate	  Professor	  of	  Pathology	  and	  Laboratory	  Medicine	  
Sarah	  Millar,	  Ph.D.,	  Albert	  M.	  Kligman	  Professor	  in	  Dermatology
THE	  ROLES	  OF	  EZH2	  IN	  LUNG	  DEVELOPMENT	  
COPYRIGHT	  
2015	  
Melinda	  Elaine	  Snitow	  
	  
This	  work	  is	  licensed	  under	  the	  Creative	  Commons	  	  
Attribution-­‐Non	  Commercial-­‐Share	  Alike	  4.0	  International	  License.	  	  
To	  view	  a	  copy	  of	  this	  license,	  visit	  	  
http://creativecommons.org/licenses/by-­‐nc-­‐sa/4.0/
	   	  
	   	   	  iii	  
ACKNOWLEDGMENT	  
I	  gratefully	  acknowledge	  the	  many	  people	  who	  contributed	  to	  the	  work	  presented	  in	  this	  
dissertation.	  
	   I	  thank	  those	  who	  directly	  contributed	  to	  research	  presented	  here.	  I	  am	  grateful	  for	  
the	  support	  and	  guidance	  of	  the	  Morrisey	  lab,	  especially	  Ed	  Morrisey,	  Kathleen	  Stewart,	  
Ying	  Tian,	  Shanru	  Li,	  Rachel	  Kadzik,	  and	  David	  Frank.	  The	  bioinformatics	  analyses	  were	  
performed	  by	  Michael	  Morley	  and	  Komal	  Rathi.	  The	  Penn	  Molecular	  Profiling	  Facility	  
performed	  the	  microarray.	  The	  Cardiovascular	  Institute’s	  Histology	  Core	  sectioned	  tissue	  
and	  performed	  IHC	  and	  in	  situ	  hybridizations	  on	  sectioned	  tissue.	  The	  Cell	  and	  
Developmental	  Biology	  Department’s	  Microscopy	  Core	  provided	  support	  for	  confocal	  
microscopy.	  Kurt	  Engleka	  provided	  support	  for	  optical	  projection	  tomography.	  
	   I	  thank	  those	  who	  contributed	  academic	  support	  throughout	  my	  graduate	  career.	  I	  
am	  grateful	  to	  my	  thesis	  committee:	  Christopher	  Lengner,	  Marisa	  Bartolomei,	  Paul	  Gadue,	  
and	  Sarah	  Millar.	  I	  am	  grateful	  to	  the	  DSRB	  advising	  faculty:	  Steve	  DiNardo,	  Sarah	  Millar,	  
Nancy	  Speck,	  and	  Dan	  Kessler.	  I	  am	  especially	  grateful	  to	  Meagan	  Schofer	  and	  the	  CAMB	  
Graduate	  Group	  Office	  for	  their	  tireless	  and	  invaluable	  efforts	  on	  the	  students’	  behalf.	  
	   I	  thank	  those	  who	  helped	  me	  get	  to	  and	  through	  graduate	  school.	  I	  am	  grateful	  to	  my	  
husband,	  Kobey	  Shwayder,	  for	  supporting	  my	  pursuit	  of	  science	  for	  12	  years	  and	  counting.	  I	  
am	  grateful	  to	  my	  family	  and	  to	  my	  Philadelphia	  family	  for	  their	  support	  and	  
encouragement.	  I	  am	  grateful	  to	  Temple	  University	  Yongmudo	  Hapkido,	  an	  integral	  
component	  of	  my	  graduate	  career,	  for	  providing	  stress	  relief	  and	  an	  appreciation	  for	  
Newtonian	  physics.	  
	  
	  
	   	   	  iv	  
ABSTRACT	  
	  
THE	  ROLES	  OF	  EZH2	  IN	  LUNG	  DEVELOPMENT	  
Melinda	  Snitow	  
Edward	  E.	  Morrisey	  
Lungs	  are	  complex	  organs	  comprising	  many	  and	  varied	  cell	  types	  with	  distinct	  and	  
complementary	  functions.	  These	  myriad	  lineages	  arise	  during	  development	  from	  common	  
progenitors	  through	  series	  of	  patterning	  cues	  and	  cell	  fate	  decisions.	  Epigenetic	  regulation	  
of	  cell	  fate	  decisions	  is	  critical	  in	  many	  stem	  and	  progenitor	  cells	  and	  in	  the	  specification	  
and	  appropriate	  development	  of	  many	  organs,	  but	  its	  role	  in	  lung	  development	  is	  largely	  
unknown.	  In	  this	  work,	  I	  show	  that	  the	  Polycomb	  Repressive	  Complex	  2	  enzyme	  Ezh2	  is	  
required	  for	  lung	  development.	  I	  demonstrate	  that	  Ezh2	  is	  highly	  expressed	  during	  early	  
lung	  development	  and	  that	  expression	  diminishes	  late	  in	  development.	  Using	  conditional	  
genetic	  deletion	  of	  Ezh2	  in	  the	  lung	  endoderm	  and	  in	  the	  lung	  mesoderm	  in	  mice,	  I	  found	  
that	  Ezh2	  is	  required	  to	  suppress	  cell	  cycle	  inhibitors	  during	  lung	  development	  and	  allow	  
proliferation	  and	  proper	  lung	  growth,	  alveolar	  development,	  and	  the	  capacity	  to	  breathe	  at	  
birth.	  Gene	  expression,	  immunohistochemistry,	  and	  lineage	  tracing	  analyses	  show	  that	  Ezh2	  
in	  the	  endoderm	  suppresses	  the	  basal	  stem	  cell	  lineage	  and	  regulates	  the	  balance	  of	  basal	  
cells	  and	  secretory	  club	  cells.	  Further	  conditional	  genetic	  deletions	  of	  Ezh2	  in	  the	  basal	  cell	  
and	  club	  cell	  lineages	  show	  that	  Ezh2	  is	  not	  required	  to	  balance	  these	  cell	  types	  once	  they	  
express	  mature	  lineage	  markers.	  Gene	  expression,	  immunohistochemistry,	  and	  lineage	  
tracing	  analyses	  show	  that	  Ezh2	  in	  the	  mesoderm	  suppresses	  ectopic	  smooth	  muscle	  
development	  from	  the	  mesothelium.	  Conditional	  genetic	  deletion	  of	  Ezh2	  in	  the	  
mesothelium	  shows	  a	  mesothelial-­‐specific	  requirement	  for	  Ezh2	  to	  suppress	  the	  smooth	  
muscle	  lineage.	  Chromatin	  analysis	  reveals	  that	  Ezh2	  represses	  master	  transcription	  factors	  
	   	   	  v	  
of	  the	  basal	  cell	  and	  smooth	  muscle	  lineages,	  thereby	  suppressing	  these	  lineages	  during	  
lung	  development.	  These	  studies	  reveal	  a	  critical	  role	  for	  epigenetic	  transcriptional	  
repression	  by	  Ezh2	  to	  suppress	  ectopic	  lineages	  and	  allow	  normal	  lung	  development.	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CHAPTER	  1:	  Introduction	  
Summary	  
This	  chapter	  will	  provide	  an	  overview	  of	  cell	  fate	  decisions	  in	  lung	  development	  and	  
disease,	  the	  role	  of	  chromatin-­‐modifying	  enzymes	  in	  lung	  development	  and	  disease,	  and	  
introduce	  Ezh2’s	  role	  in	  cell	  fate	  decisions.	  
Introduction	  to	  the	  lung	  
The	  lung	  is	  a	  recently	  evolved	  organ	  arising	  in	  terrestrial	  vertebrates,	  and	  is	  critical	  for	  
terrestrial	  life.	  Lungs	  enable	  gas	  exchange	  by	  providing	  a	  large	  surface	  area	  open	  to	  outside	  
air	  that	  is	  closely	  apposed	  to	  extensive	  capillary	  beds.	  This	  system	  is	  compacted	  by	  
branching	  of	  the	  airways	  and	  vasculature,	  and	  requires	  myriad	  specialized	  cell	  types	  arising	  
from	  common	  progenitors	  that	  diversify	  through	  tight	  spatiotemporal	  control	  of	  gene	  
expression	  (Morrisey	  and	  Hogan	  2010).	  
	   The	  lung	  is	  a	  barrier	  organ	  that	  can	  be	  injured	  by	  inhaled	  pathogens,	  particles,	  or	  
toxins.	  Evolutionary	  pressure	  to	  continue	  breathing	  ensures	  that	  lungs	  quickly	  restore	  
barrier	  function	  and	  repopulate	  the	  epithelium	  and	  vasculature	  after	  injury.	  However,	  the	  
cellular	  plasticity	  that	  allows	  rapid	  injury	  repair	  can	  lead	  to	  pathological	  tissue	  remodeling.	  
The	  lung’s	  ability	  to	  regulate	  its	  cell	  fate	  decisions	  and	  lineage	  plasticity	  by	  epigenetic	  
mechanisms	  has	  not	  received	  much	  study	  (Morrisey	  et	  al.	  2013).	  	  
Lung	  development	  and	  cell	  types	  
Lungs	  develop	  their	  complexity	  through	  stepwise	  lineage	  decisions	  during	  development.	  
The	  respiratory	  endoderm	  is	  specified	  by	  Nkx2.1	  expression	  in	  the	  anterior	  foregut	  
	   	   	  2	  
endoderm	  at	  E9	  in	  mice.	  The	  trachea	  separates	  from	  the	  Nkx2.1-­‐negative	  esophagus,	  while	  
the	  lung	  buds	  grow	  out	  into	  the	  splanchnic	  mesoderm	  (Minoo	  et	  al.	  1999).	  The	  lungs	  
continue	  to	  bud	  and	  branch	  in	  response	  to	  signaling	  cross-­‐talk	  between	  the	  endoderm	  and	  
mesoderm,	  which	  also	  provides	  positional	  information	  for	  proximal-­‐distal	  patterning	  of	  the	  
endoderm	  and	  mesoderm	  (Shannon	  and	  Hyatt	  2004;	  Cardoso	  and	  Lü	  2006;	  Kadzik	  and	  
Morrisey	  2012).	  
	   The	  proximal	  intralobar	  airways	  of	  the	  mouse	  lung	  contain	  Sox2+	  endodermal	  
progenitors,	  which	  differentiate	  into	  multiciliated	  cells,	  secretory	  club	  cells,	  neuroendocrine	  
cells.	  The	  proximal	  airways	  branch	  and	  develop	  alongside	  the	  pulmonary	  vasculature,	  and	  
are	  sheathed	  by	  smooth	  muscle.	  Human	  intralobar	  airways	  additionally	  have	  basal	  
epithelial	  cells	  and	  mucous-­‐producing	  goblet	  cells,	  and	  are	  ringed	  by	  cartilage	  produced	  by	  
the	  surrounding	  mesenchyme.	  The	  mouse	  trachea	  and	  bronchi,	  the	  extralobar	  airways,	  
closely	  resemble	  the	  human	  intralobar	  milieu	  (Figure	  1.1)	  (Que	  et	  al.	  2007;	  Tompkins	  et	  al.	  
2009;	  Rock	  and	  Hogan	  2011;	  Herriges	  and	  Morrisey	  2014).	  
	   The	  distal	  airways	  contain	  Sox9+	  endodermal	  progenitors	  that	  give	  rise	  to	  alveolar	  
epithelial	  type	  I	  cells	  that	  flatten	  out	  over	  the	  alveoli	  and	  form	  much	  of	  the	  gas	  exchange	  
surface,	  as	  well	  as	  type	  II	  cells	  that	  secrete	  surfactants	  to	  lubricate	  the	  alveolar	  epithelium	  
to	  prevent	  alveolar	  sticking	  and	  collapse	  (Figure	  1.2)	  (Bourbon	  et	  al.	  2005;	  Bourbon	  et	  al.	  
2009;	  Rawlins	  et	  al.	  2009a).	  	  
	   The	  developing	  lung	  mesoderm	  comprises	  proximal	  and	  distal	  smooth	  muscle	  
progenitors	  of	  the	  airway,	  vascular	  smooth	  muscle,	  endothelium,	  mesothelium,	  and	  
interstitial	  mesenchyme	  that	  comprises	  an	  unknown	  number	  of	  subtypes	  and	  functions.	  
Cross-­‐talk	  between	  the	  mesoderm	  and	  endoderm	  is	  required	  not	  only	  for	  branching	  
morphogenesis,	  but	  also	  for	  alveolar	  development	  to	  generate	  alveolar	  space	  and	  to	  
increase	  surface	  area	  through	  septation	  of	  the	  alveoli.	  Lung	  mesoderm	  arises	  from	  multiple	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developmental	  origins,	  including	  the	  splanchnic	  mesoderm	  that	  induces	  outgrowth	  of	  the	  
lung	  endoderm,	  as	  well	  as	  mesothelial	  cells	  that	  migrate	  inward	  and	  contribute	  to	  
mesenchyme	  and	  smooth	  muscle	  (Que	  et	  al.	  2008;	  Morrisey	  and	  Hogan	  2010;	  Dixit	  et	  al.	  
2013;	  Morrisey	  et	  al.	  2013;	  Peng	  et	  al.	  2013).	  
Stem	  cells	  of	  the	  lung	  endoderm	  
The	  lung	  endoderm	  maintains	  an	  epithelial	  barrier	  by	  regularly	  replacing	  cells	  at	  
homeostasis,	  and	  rapidly	  regenerating	  the	  epithelium	  following	  injury.	  Almost	  every	  
differentiated	  cell	  type	  of	  the	  lung	  endoderm	  can	  be	  considered	  a	  repopulating	  stem	  cell	  
than	  can	  generate	  more	  of	  itself	  and	  at	  least	  one	  other	  cell	  type	  (Figure	  1.3).	  
	   Basal	  cells	  of	  the	  mouse	  trachea	  and	  human	  bronchioles	  self-­‐renew	  and	  give	  rise	  to	  
secretory	  club	  cells	  and	  ciliated	  cells	  at	  homeostasis	  and	  after	  sulfur	  dioxide	  inhalation	  
injury	  that	  strips	  the	  airway	  lumen	  (Rock	  et	  al.	  2009).	  Several	  mechanisms	  have	  been	  found	  
to	  regulate	  basal	  cell	  self-­‐renewal	  and	  differentiation.	  Notch	  signaling	  plays	  several	  roles	  
promoting	  the	  step-­‐wise	  differentiation	  from	  basal	  cells	  to	  luminal	  progenitors	  to	  secretory	  
cells,	  and	  inhibition	  of	  Notch	  signaling	  depletes	  the	  secretory	  lineage	  and	  promotes	  the	  
basal	  cell	  and	  ciliated	  cell	  lineages	  (Rock	  et	  al.	  2011;	  Mori	  et	  al.	  2015;	  Pardo-­‐Saganta	  et	  al.	  
2015b).	  Additionally,	  the	  Hippo	  signaling	  effector	  Yap	  localizes	  to	  the	  nucleus	  in	  basal	  cells,	  
and	  constitutively	  active	  Yap	  promotes	  basal	  cell	  hyperplasia	  and	  inhibits	  differentiation.	  
These	  basal	  cells	  maintain	  their	  multipotent	  capacity,	  and	  can	  differentiate	  after	  withdrawal	  
of	  Yap	  expression	  (Zhao	  et	  al.	  2014).	  	  
	   In	  the	  mouse	  bronchioles	  where	  basal	  cells	  do	  not	  occur,	  secretory	  club	  cells	  self-­‐
renew	  and	  give	  rise	  to	  ciliated	  cells	  at	  homeostasis,	  and	  after	  naphthalene	  injection	  injury	  
that	  is	  cytotoxic	  to	  mature	  club	  cells	  (Rawlins	  et	  al.	  2009b;	  Tsao	  et	  al.	  2009).	  In	  this	  injury	  
model,	  the	  ciliated	  cells	  change	  their	  morphology	  and	  flatten	  out	  to	  re-­‐establish	  an	  epithelial	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barrier,	  while	  surviving	  club	  cells	  self-­‐renew	  and	  repopulate	  the	  epithelium	  (Rawlins	  et	  al.	  
2007;	  Rawlins	  et	  al.	  2009b).	  Club	  cells	  that	  survive	  naphthalene	  injection	  injury	  are	  less	  
mature	  and	  are	  associated	  with	  neuroendocrine	  cells	  (Guha	  et	  al.	  2012).	  Neuroendocrine	  
cells	  can	  give	  rise	  to	  club	  and	  ciliated	  cells	  after	  naphthalene	  injection	  injury	  (Song	  et	  al.	  
2012).	  However,	  ablation	  of	  neuroendocrine	  cells	  prior	  to	  naphthalene	  injection	  does	  not	  
inhibit	  club	  cell	  development	  or	  regeneration	  (Reynolds	  et	  al.	  2000).	  Club	  cells	  can	  also	  give	  
rise	  to	  mucous-­‐producing	  goblet	  cells,	  either	  through	  genetic	  manipulation,	  or	  through	  
exposure	  to	  inflammatory	  stimuli	  (Chen	  et	  al.	  2009a;	  Li	  et	  al.	  2012).	  Interestingly,	  ablation	  
of	  tracheal	  basal	  cells	  using	  cell-­‐type	  specific	  diphtheria	  toxin	  expression	  induces	  secretory	  
club	  cells	  to	  de-­‐differentiate	  into	  basal	  cells,	  and	  also	  to	  give	  rise	  to	  ciliated	  cells	  in	  the	  
trachea	  (Tata	  et	  al.	  2013;	  Pardo-­‐Saganta	  et	  al.	  2015b).	  In	  contrast,	  ciliated	  cells	  cannot	  be	  
induced	  to	  proliferate	  or	  differentiate	  into	  any	  other	  cell	  type	  (Rawlins	  et	  al.	  2007;	  Rawlins	  
and	  Hogan	  2008).	  
	   In	  the	  distal	  airways	  deriving	  from	  the	  Sox9+	  endoderm,	  the	  alveolar	  Type	  II	  cells	  
are	  the	  predominant	  repopulating	  progenitor	  after	  injury.	  Type	  II	  cells	  are	  quiescent	  at	  
homeostasis,	  but	  can	  be	  induced	  to	  self-­‐renew	  after	  depletion	  by	  Type	  II	  cell-­‐specific	  
expression	  of	  diphtheria	  toxin.	  Type	  II	  cells	  can	  also	  self-­‐renew	  and	  repopulate	  Type	  I	  cells	  
after	  alveolar	  epithelial	  injury	  by	  hyperoxia	  or	  bleomycin	  (Barkauskas	  et	  al.	  2013).	  Type	  I	  
cells	  are	  almost	  completely	  quiescent,	  and	  their	  flattened,	  stretched	  morphology	  may	  
prevent	  proliferation	  and	  cytokinesis.	  Type	  I	  cells	  that	  express	  Hopx	  can	  also	  be	  induced	  to	  
proliferate	  and	  give	  rise	  to	  Type	  II	  cells	  after	  partial	  pneumonectomy,	  when	  adult	  lungs	  
construct	  new	  alveoli	  in	  the	  process	  of	  injury	  repair	  (Jain	  et	  al.	  2015).	  Interestingly,	  there	  
are	  distal	  epithelial	  cells	  that	  do	  not	  express	  known	  markers	  of	  other	  lung	  epithelial	  cell	  
types	  (termed	  lineage-­‐negative	  epithelial	  progenitors)	  that	  can	  induce	  expression	  of	  the	  
basal	  cell-­‐associated	  gene	  expression	  program	  including	  Trp63	  and	  Krt5	  and	  form	  Krt5+	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lesions	  in	  the	  alveolar	  space	  after	  influenza	  infection	  injury.	  Lineage	  tracing	  of	  the	  Krt5+	  
lesions	  shows	  that	  these	  lesions	  can	  give	  rise	  to	  SPC-­‐expressing	  Type	  II	  cells	  in	  the	  context	  
of	  Notch	  signaling	  inhibition	  (Vaughan	  et	  al.	  2015).	  
	   The	  phenotypic	  plasticity	  of	  lung	  endoderm	  during	  homeostatic	  cell	  turnover	  and	  in	  
response	  to	  lung	  injury	  suggests	  that	  these	  cell	  types	  may	  need	  to	  actively	  repress	  alternate	  
lineages	  during	  quiescent	  periods.	  
Stem	  cells	  of	  the	  lung	  mesoderm	  
The	  developing	  lung	  mesoderm	  comprises	  multiple	  multipotent	  progenitor	  populations	  
(Figure	  1.4),	  although	  little	  is	  known	  about	  stem	  cell	  function	  of	  the	  adult	  lung	  mesodermal	  
populations	  at	  homeostasis	  or	  after	  injury.	  
	   Cardiopulmonary	  progenitors	  arise	  from	  a	  region	  of	  splanchnic	  mesoderm	  at	  the	  
posterior	  pole	  of	  the	  heart,	  and	  can	  clonally	  give	  rise	  to	  a	  wide	  variety	  of	  mesodermal	  cell	  
types,	  although	  this	  plasticity	  diminishes	  later	  in	  development.	  These	  progenitors	  
contribute	  to	  multiple	  lineages,	  including	  vascular	  smooth	  muscle,	  airway	  smooth	  muscle,	  
proximal	  vessel	  endothelium,	  and	  pericytes.	  Additionally,	  these	  progenitors	  give	  rise	  to	  
Nkx2.5+	  cardiomyocytes	  of	  the	  cardiac	  inflow	  tract,	  including	  the	  atrial	  and	  pulmonary	  vein	  
myocardium.	  Distal	  endothelium,	  however,	  is	  derived	  separately	  from	  VE-­‐cadherin+	  
progenitors	  (Figure	  1.4	  C)	  (Peng	  et	  al.	  2013).	  	  
	   The	  mesothelium	  develops	  from	  the	  WT1+	  proepicardial	  organ	  that	  forms	  at	  E9.0,	  
and	  subsequently	  migrates	  to	  form	  the	  mesothelia	  around	  the	  lung	  and	  heart.	  The	  
mesothelium	  envelopes	  the	  lungs	  by	  E10.5	  and	  subsequently	  invades	  into	  the	  
submesothelial	  mesenchyme.	  Lineage	  tracing	  at	  E10.5-­‐E11.5	  shows	  mesothelial	  
contribution	  to	  vascular	  smooth	  muscle,	  airway	  smooth	  muscle,	  and	  mesenchyme.	  WT1+	  
expression	  is	  induced	  in	  the	  submesothelial	  mesenchyme	  after	  injury,	  but	  it	  is	  unknown	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whether	  this	  correlates	  to	  adult	  progenitor	  function	  (Figure	  1.4	  C)	  (Que	  et	  al.	  2008;	  
Mubarak	  et	  al.	  2012;	  Dixit	  et	  al.	  2013;	  Karki	  et	  al.	  2014).	  
	   It	  is	  largely	  unknown	  how	  lung	  mesodermal	  multipotent	  progenitors	  are	  regulated	  
during	  development,	  what	  cell	  types	  they	  give	  rise	  to,	  and	  whether	  there	  are	  specific	  
progenitor	  populations	  in	  the	  adult	  lung	  mesoderm.	  
Pathological	  remodeling	  of	  endoderm	  and	  mesoderm	  in	  human	  lung	  diseases	  
The	  lung’s	  ability	  to	  repair	  itself	  after	  injury	  can	  result	  in	  pathological	  tissue	  remodeling	  
after	  many	  cycles	  of	  the	  injury-­‐repair	  process.	  Several	  of	  these	  diseases	  involve	  changes	  in	  
cellular	  behavior	  such	  as	  metaplasia,	  the	  transdifferentiation	  from	  one	  cell	  type	  to	  another,	  
and	  hyperplasia,	  the	  overgrowth	  of	  a	  cell	  type.	  
	   Chronic	  obstructive	  pulmonary	  disease	  (COPD)	  involves	  bronchiolar	  airway	  
epithelial	  remodeling.	  Instead	  of	  an	  airway	  comprising	  30%	  basal	  cells	  and	  10%	  goblet	  cells	  
(Boers	  et	  al.	  1998;	  Boers	  et	  al.	  1999;	  Rock	  et	  al.	  2009),	  COPD-­‐affected	  bronchioles	  contain	  
areas	  of	  squamous	  metaplasia	  positive	  for	  the	  basal	  cell	  markers	  Trp63,	  Krt5,	  and	  Krt14.	  
This	  squamous	  metaplasia	  occurs	  alongside	  goblet	  cell	  hyperplasia	  and	  excessive	  mucous	  
production	  (Randell	  2006;	  Rock	  et	  al.	  2010).	  The	  overabundance	  of	  basal-­‐like	  cells	  and	  
goblet	  cells	  at	  the	  expense	  of	  airway-­‐clearing	  secretory	  and	  ciliated	  cells	  results	  in	  a	  lineage	  
imbalance	  that	  clogs	  airways	  with	  mucous	  and	  is	  unable	  to	  brush	  it	  up	  out	  of	  the	  lungs.	  
	   Lungs	  with	  cystic	  fibrosis	  are	  unable	  to	  maintain	  a	  thin	  layer	  of	  secretory	  fluid	  over	  
the	  cilia	  that	  sweep	  inhaled	  particles	  through	  this	  fluid.	  Irritants	  therefore	  accumulate	  in	  the	  
airways,	  inducing	  goblet	  cell	  hyperplasia	  that	  produces	  excessive	  mucous,	  which	  is	  too	  
viscous	  for	  ciliated	  cells	  to	  clear.	  Mucous	  accumulation	  traps	  pathogens	  and	  induces	  chronic	  
infection,	  resulting	  in	  epithelial	  injury	  and	  repair	  cycles	  (Rock	  et	  al.	  2010).	  This	  epithelial	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remodeling	  results	  in	  squamous	  hyperplasia	  expressing	  the	  basal	  cell	  markers	  Trp63,	  
Keratin	  (Krt)	  5,	  and	  Krt14	  (Voynow	  et	  al.	  2005).	  
	   Asthma	  involves	  goblet	  cell	  hyperplasia	  and	  excessive	  mucous	  production,	  but	  also	  
involves	  remodeling	  of	  the	  airway	  smooth	  muscle.	  Asthmatic	  airway	  smooth	  muscle	  is	  
thickened	  due	  to	  hyperplasia	  and	  hypertrophy.	  Airway	  smooth	  muscle	  mass	  is	  negatively	  
correlated	  with	  lung	  function	  in	  asthmatics	  (Bara	  et	  al.	  2010;	  Hogan	  et	  al.	  2014).	  
	   Idiopathic	  pulmonary	  fibrosis	  (IPF)	  involves	  remodeling	  of	  the	  parenchymal	  lung	  
mesoderm	  with	  hyperplastic	  fibrotic	  lesions	  that	  displace	  alveoli.	  Fibrosis	  begins	  in	  the	  sub-­‐
mesothelial	  mesenchyme	  and	  progresses	  proximally	  into	  the	  lung.	  The	  lung	  mesothelium	  
contributes	  pro-­‐fibrotic	  paracrine	  signaling,	  and	  is	  capable	  of	  differentiation	  into	  fibroblasts	  
in	  vitro.	  The	  mesothelial	  marker	  WT1	  is	  expressed	  upon	  induction	  of	  lung	  fibrosis	  in	  mouse	  
models,	  suggesting	  re-­‐activation	  of	  the	  developmental	  program	  in	  mesothelial-­‐derived	  
mesenchyme	  (Karki	  et	  al.	  2014;	  Mutsaers	  et	  al.	  2015).	  	  
	   Despite	  the	  different	  etiologies	  of	  these	  diseases,	  they	  share	  a	  convergent	  phenotype	  
of	  lineage	  imbalance	  that	  inhibits	  respiratory	  function.	  Understanding	  how	  differentiated	  
lung	  cells	  maintain	  or	  lose	  their	  lineage	  identity	  will	  improve	  our	  understanding	  of	  
pathogenic	  remodeling.	  
Introduction	  to	  epigenetic	  regulation	  of	  cell	  fate	  decisions	  
Lineage	  decisions	  are	  established	  during	  development	  by	  a	  combination	  of	  gene	  expression	  
programs	  and	  epigenetic	  memory	  of	  previous	  states.	  The	  epigenetic	  state	  of	  a	  cell	  influences	  
its	  ability	  to	  respond	  to	  differentiation	  cues.	  For	  example,	  transcription	  factors	  often	  have	  
distinct	  direct	  targets	  across	  developmental	  lineages	  due	  to	  differences	  in	  chromatin	  
accessibility.	  Conversely,	  cell	  fate	  reprogramming	  is	  often	  improved	  by	  altering	  the	  
epigenetic	  state	  of	  a	  cell.	  Cell	  fate	  changes	  in	  lung	  development	  and	  disease	  are	  influenced	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by	  chromatin-­‐modifying	  enzymes	  such	  as	  histone	  acetyltransferases	  (HAT)	  and	  histone	  
deacetylases	  (HDAC).	  
What	  is	  known	  about	  epigenetics	  and	  the	  lung	  
Pathological	  tissue	  remodeling	  in	  COPD,	  IPF,	  and	  asthma	  have	  been	  linked	  to	  epigenetic	  
changes	  involving	  histone	  acetylation	  and	  deacetylation	  activity.	  Asthmatic	  bronchial	  
epithelium	  displays	  increased	  HAT	  activity	  and	  decreased	  HDAC	  activity.	  Asthma	  treatment	  
with	  inhaled	  corticosteroids	  reduces	  the	  severity	  of	  inflammation	  by	  inducing	  acetylation	  
and	  activation	  of	  anti-­‐inflammatory	  genes,	  and	  also	  recruitment	  of	  HDAC2	  complexes	  to	  
deacetylate	  and	  silence	  pro-­‐inflammatory	  genes	  (Ito	  et	  al.	  2002).	  Low	  HDAC2	  expression	  
and	  activity	  also	  correlates	  with	  COPD	  progression	  and	  resistance	  to	  anti-­‐inflammatory	  
steroid	  therapy	  (Ito	  et	  al.	  2005).	  
	   IPF	  fibroblasts	  have	  increased	  expression	  of	  HDAC2.	  IPF	  fibroblasts	  behave	  like	  
cancer	  cells,	  proliferating	  without	  sensitivity	  to	  apoptotic	  cues,	  and	  eventually	  take	  over	  the	  
lung	  parenchymal	  air	  space.	  These	  cells	  lose	  acetylation	  of	  the	  Fas	  promoter,	  expression	  of	  
Fas,	  and	  sensitivity	  to	  Fas-­‐mediated	  apoptosis.	  Treatment	  of	  IPF	  fibroblasts	  with	  HDAC	  
inhibitors	  restores	  acetylation	  and	  expression	  of	  Fas	  (Huang	  et	  al.	  2013).	  
	   Regulation	  of	  post-­‐translational	  histone	  modifications	  is	  also	  essential	  for	  lung	  
development	  and	  regeneration.	  HDAC1/2	  is	  required	  in	  the	  developing	  lung	  endoderm	  to	  
establish	  the	  boundary	  of	  proximal	  Sox2+	  and	  distal	  Sox9+	  airway	  progenitors	  by	  
repressing	  expression	  of	  the	  distal	  airway	  morphogen	  Bmp4.	  HDAC	  1/2	  are	  also	  required	  in	  
adult	  proximal	  airway	  regeneration	  to	  repress	  tumor	  suppressors	  and	  allow	  secretory	  club	  
cell	  proliferation	  (Wang	  et	  al.	  2013).	  The	  developing	  alveolar	  epithelium	  expresses	  HAT1,	  
and	  HAT1-­‐null	  lungs	  have	  increased	  proliferation	  resulting	  in	  hyperplastic	  alveoli	  and	  
respiratory	  distress	  at	  birth	  (Nagarajan	  et	  al.	  2013).	  The	  Polycomb	  Repressive	  Complex	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(PRC)	  1	  subunit	  Bmi1	  is	  required	  to	  repress	  p57/Cdkn1c,	  which	  inhibits	  secretory	  club	  cell	  
proliferation	  after	  injury	  (Zacharek	  et	  al.	  2011).	  Together,	  these	  studies	  show	  multiple	  roles	  
for	  epigenetic	  regulation	  of	  lung	  development,	  regeneration,	  and	  disease.	  
Epigenetics	  and	  smooth	  muscle	  
Smooth	  muscle	  in	  the	  lung	  has	  multiple	  developmental	  origins	  (reviewed	  above),	  and	  is	  
itself	  heterogenous.	  Smooth	  muscle	  develops	  around	  airways	  and	  vessels	  with	  distinct	  
markers	  expressed	  in	  each	  of	  these,	  and	  distinct	  proximal	  and	  distal	  airway	  smooth	  muscle	  
progenitor	  markers	  are	  expressed	  during	  development.	  Smooth	  muscle	  hyperplasia	  
contributes	  to	  the	  pathology	  of	  asthma,	  pulmonary	  hypertension,	  and	  
lymphangioleiomyomatosis,	  a	  cancer	  of	  smooth	  muscle	  in	  the	  lung.	  Smooth	  muscle	  
development	  is	  chromatin-­‐dependent,	  yet	  epigenetic	  regulation	  of	  pulmonary	  smooth	  
muscle	  cell	  fate	  decisions	  has	  not	  been	  studied.	  
	   The	  master	  transcription	  factor	  of	  the	  smooth	  muscle	  lineage,	  Myocardin,	  is	  able	  to	  
induce	  smooth	  muscle	  gene	  expression	  in	  fibroblasts	  and	  embryonic	  stem	  cells	  (ESC)	  
(Yoshida	  et	  al.	  2004).	  Part	  of	  Myocardin’s	  ability	  to	  induce	  its	  target	  genes	  in	  non-­‐smooth	  
muscle	  cell	  types	  comes	  from	  its	  ability	  to	  recruit	  the	  HAT	  complex	  CBP/p300,	  resulting	  in	  
acetylation	  of	  histones	  at	  smooth	  muscle	  gene	  promoters	  and	  transcriptional	  activation	  
(Cao	  et	  al.	  2005).	  However,	  Myocardin	  cannot	  directly	  bind	  DNA,	  and	  its	  ability	  to	  interact	  
with	  target	  genes	  is	  dependent	  on	  its	  co-­‐factor	  SRF	  that	  binds	  the	  CArG	  box	  DNA	  sequence	  
motif.	  Myocardin	  or	  Myocardin-­‐related	  transcription	  factors	  (MRTF)	  are	  required	  for	  
transcriptional	  activation	  of	  promoters	  containing	  SRF-­‐bound	  CArG	  boxes	  (Wang	  and	  Olson	  
2004;	  McDonald	  and	  Owens	  2007;	  Parmacek	  2007).	  
	   However,	  not	  all	  CArG	  box-­‐containing	  genes	  are	  occupied	  by	  SRF,	  which	  cannot	  bind	  
CArG	  box	  sequences	  that	  are	  wrapped	  around	  a	  histone	  octamer	  (Pellegrini	  et	  al.	  1995).	  SRF	  
	   	   	  10	  
can	  bind	  all	  CArG	  boxes	  in	  smooth	  muscle	  gene	  promoters	  presented	  as	  bare	  DNA,	  but	  SRF	  
has	  greater	  affinity	  for	  these	  promoters	  in	  chromatin	  from	  smooth	  muscle	  than	  from	  other	  
cell	  types.	  Of	  note,	  the	  repressive	  histone	  mark	  histone	  3	  lysine	  27	  trimethylation	  
(H3K27me3)	  decorates	  these	  promoters	  in	  non-­‐smooth	  muscle,	  but	  not	  in	  smooth	  muscle	  
cells	  (McDonald	  and	  Owens	  2007;	  Gomez	  et	  al.	  2015).	  These	  studies	  show	  that	  smooth	  
muscle	  fate	  is	  epigenetically	  regulated.	  Lung	  disorders	  of	  smooth	  muscle	  could	  involve	  
epigenetic	  defects,	  although	  mechanistic	  studies	  using	  genetic	  knockouts	  have	  not	  been	  
performed.	  
Ezh2/PRC2	  in	  developmental	  gene	  regulation	  and	  cell	  fate	  decisions	  
Polycomb	  was	  originally	  discovered	  to	  affect	  segmentation	  in	  Drosophila	  (Lewis	  1978).	  
Several	  other	  genes	  that	  had	  similar	  phenotypes	  became	  known	  as	  the	  Polycomb	  Group	  
(Simon	  and	  Kingston	  2009).	  These	  genes	  were	  found	  to	  transcriptionally	  repress	  Hox	  genes	  
responsible	  for	  body	  patterning,	  and	  were	  later	  found	  to	  have	  genome-­‐wide	  effects	  (Simon	  
et	  al.	  1992;	  Margueron	  and	  Reinberg	  2011).	  Polycomb	  group	  proteins	  form	  two	  complexes,	  
PRC1	  and	  PRC2.	  PRC2	  trimethylates	  histone	  3	  lysine	  27	  via	  its	  histone	  methyltransferase	  
subunit	  Ezh1/2.	  H3K27me3	  functions	  as	  an	  epigenetic	  repressor	  of	  transcription,	  and	  PRC2	  
occupancy	  and	  H3K27me3	  deposition	  is	  associated	  with	  demethylated	  CpG	  islands,	  
particularly	  at	  proximal	  promoters	  (Margueron	  and	  Reinberg	  2011;	  Di	  Croce	  and	  Helin	  
2013).	  
	   Mammals	  have	  two	  PRC2	  lysine	  methyltransferase	  (KMT)	  paralogs,	  Ezh1	  and	  Ezh2,	  
which	  are	  differentially	  expressed	  and	  perform	  distinct	  functions.	  Ezh2	  expression	  is	  
associated	  with	  proliferating	  cells:	  its	  expression	  and	  activity	  is	  controlled	  by	  cell	  cycle	  
genes.	  Ezh2	  is	  transcriptionally	  activated	  by	  E2F1-­‐3	  transcription	  factors,	  and	  
transcriptionally	  repressed	  by	  pRb	  and	  p16/Cdkn2a	  (Bracken	  et	  al.	  2003).	  Ezh2	  itself	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induces	  and	  is	  required	  for	  transcriptional	  repression	  of	  the	  cell	  cycle	  inhibitors	  
p16/Cdkn2a	  and	  p15/Cdkn2b	  by	  blanketing	  this	  Ink4B-­‐Arf-­‐Ink4A	  locus	  with	  H3K27me3	  
(Bracken	  et	  al.	  2007).	  Ezh2	  requires	  its	  enzymatic	  SET	  domain	  to	  establish	  H3K27me3	  (Su	  
et	  al.	  2003),	  although	  Ezh2	  also	  has	  non-­‐PRC2	  functions	  such	  as	  actin	  polymerization	  (Su	  et	  
al.	  2005).	  
	   Ezh1	  is	  expressed	  ubiquitously	  in	  non-­‐proliferating	  adult	  tissues.	  Ezh1	  forms	  a	  
similar	  PRC2	  complex	  that	  targets	  many	  of	  the	  same	  genes	  for	  repression	  as	  Ezh2-­‐PRC2.	  
Although	  Ezh1	  can	  partially	  compensate	  for	  Ezh2	  loss	  to	  maintain	  H3K27me3	  in	  the	  context	  
of	  epidermal	  differentiation	  and	  maintenance	  of	  pluripotency	  in	  ESCs,	  it	  does	  not	  appear	  to	  
have	  this	  function	  in	  wild-­‐type	  or	  in	  non-­‐proliferative	  cells	  (Shen	  et	  al.	  2008;	  Ezhkova	  et	  al.	  
2009).	  Ezh1	  has	  low	  KMT	  activity,	  its	  repressive	  function	  is	  independent	  of	  the	  enzymatic	  
SET	  domain,	  and	  largely	  exerts	  transcriptional	  repression	  by	  chromatin	  compaction	  
(Margueron	  et	  al.	  2008).	  	  
	   Ezh2-­‐PRC2	  establishes	  H3K27me3	  on	  developmentally-­‐regulated	  genes	  in	  mouse	  
and	  human	  ESCs	  and	  human	  embryonic	  fibroblasts	  (Boyer	  et	  al.	  2006;	  Bracken	  et	  al.	  2006;	  
Lee	  et	  al.	  2006).	  PRC2	  is	  required	  for	  transcriptional	  repression	  of	  these	  developmentally-­‐
regulated	  genes	  in	  pluripotent	  cells,	  and	  PRC2-­‐null	  ESCs	  cannot	  fully	  repress	  pluripotency	  
genes	  upon	  differentiation.	  PRC2-­‐null	  ESCs	  display	  differentiation	  defects	  likely	  due	  to	  the	  
extended	  expression	  of	  pluripotency	  genes	  and	  expression	  of	  genes	  driving	  alternative	  
differentiated	  lineages	  (Boyer	  et	  al.	  2006;	  Pasini	  et	  al.	  2007;	  Chamberlain	  et	  al.	  2008;	  Shen	  
et	  al.	  2008).	  	  	  
	   PRC2	  is	  necessary	  for	  development,	  evidenced	  by	  the	  early	  peri-­‐implantantation	  
lethality	  of	  embryos	  null	  for	  any	  of	  its	  core	  subunits,	  Ezh2,	  Eed,	  or	  Suz12	  (Faust	  et	  al.	  1998;	  
O'Carroll	  et	  al.	  2001;	  Pasini	  et	  al.	  2004;	  Aldiri	  and	  Vetter	  2012).	  Subsequent	  studies	  using	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conditional	  deletion	  of	  Ezh2	  has	  shown	  its	  requirement	  for	  appropriate	  cell	  fate	  decisions	  in	  
developing	  tissues.	  
	   One	  case	  study	  shows	  the	  requirement	  of	  Ezh2	  to	  repress	  cell	  cycle	  inhibitors	  and	  
prevent	  premature	  differentiation	  in	  the	  epidermis.	  In	  the	  developing	  epidermis,	  only	  the	  
basal	  cell	  layer	  is	  proliferative	  by	  E16,	  and	  high	  Ezh2	  expression	  is	  limited	  to	  the	  basal	  layer.	  
Deletion	  of	  Ezh2	  from	  the	  basal	  cells	  caused	  cellular	  senescence	  due	  to	  de-­‐repression	  of	  the	  
Ink4B-­‐Arf-­‐Ink4A	  locus	  encoding	  p16/Cdkn2a	  and	  p15/Cdkn2b.	  Ezh2-­‐null	  basal	  cells	  
prematurely	  differentiated	  into	  mature	  epidermis	  due	  to	  de-­‐repression	  of	  the	  transcription	  
factor	  AP1	  that	  induces	  late	  epidermal	  differentiation	  gene	  expression.	  These	  data	  
demonstrate	  Ezh2’s	  role	  in	  maintaining	  a	  progenitor	  state	  in	  stem	  cells	  by	  repressing	  cyclin-­‐
dependent	  kinase	  (Cdk)	  inhibitors	  and	  pro-­‐differentiation	  transcription	  factors	  (Ezhkova	  et	  
al.	  2009).	  
	   Another	  case	  study	  shows	  the	  requirement	  for	  Ezh2	  in	  a	  mesodermal	  tissue	  to	  
repress	  gene	  expression	  signatures	  of	  other	  mesodermal	  tissues.	  Ezh2	  functions	  in	  the	  
developing	  heart	  to	  suppress	  ectopic	  lineage	  gene	  expression	  associated	  with	  skeletal	  
muscle.	  Deletion	  of	  Ezh2	  in	  the	  anterior	  heart	  field	  prevents	  H3K27me3	  accumulation	  in	  the	  
right	  ventricle.	  As	  a	  result,	  skeletal	  muscle	  genes	  were	  induced	  in	  cardiomyocytes.	  The	  non-­‐
cardiac	  transcription	  factor	  Six1	  is	  de-­‐repressed	  in	  cardiomyocytes,	  rendering	  its	  enhancer	  
accessible	  to	  transcription	  factors	  present	  in	  cardiomyocytes	  such	  as	  Gata	  factors,	  Nkx2.5,	  
and	  Mef2c.	  This	  leads	  to	  transcriptional	  activation	  of	  Six1	  and	  its	  direct	  target	  genes	  that	  are	  
normally	  expressed	  in	  skeletal	  muscle,	  but	  not	  cardiomyocytes	  (Delgado-­‐Olguín	  et	  al.	  2012).	  
This	  case	  study	  demonstrates	  Ezh2’s	  role	  in	  maintaining	  the	  integrity	  of	  tissue-­‐specific	  gene	  
expression	  in	  developing	  mesodermal	  tissues.	  
	   One	  last	  case	  study	  shows	  the	  requirement	  for	  Ezh2	  to	  specify	  organ	  domains	  from	  
the	  developing	  foregut	  endoderm.	  The	  ventral	  foregut	  endoderm	  contains	  common	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endodermal	  progenitors	  that	  are	  then	  specified	  to	  liver	  and	  pancreatic	  fates	  in	  adjacent	  
domains.	  In	  the	  common	  progenitors,	  the	  pancreatic	  lineage	  master	  regulator	  Pdx1	  was	  
found	  to	  be	  decorated	  H3K27me3,	  while	  liver-­‐specifying	  genes	  were	  not	  repressed	  by	  PRC2.	  
Genetic	  deletion	  of	  Ezh2	  from	  the	  FoxA3+	  ventral	  foregut	  progenitors	  expanded	  the	  
Pdx1+/Nkx6.1+	  pancreatic	  domain	  at	  the	  expense	  of	  the	  Afp+	  liver	  bud	  domain,	  as	  did	  ex	  
vivo	  culture	  with	  pharmacological	  inhibition	  of	  Ezh2.	  Ezh2	  also	  plays	  a	  later	  role	  in	  
suppressing	  the	  Ngn3+	  endocrine	  lineage	  in	  Pdx1+	  pancreatic	  progenitors.	  Inhibiting	  Ezh2	  
in	  specified	  pancreatic	  progenitors	  promotes	  an	  expansion	  of	  committed	  Ngn3+/C-­‐peptide+	  
endocrine	  cells	  (Xu	  et	  al.	  2011;	  Xu	  et	  al.	  2014a).	  This	  case	  study	  reveals	  Ezh2’s	  critical	  role	  
in	  lineage	  decisions	  during	  foregut	  endoderm	  development.	  
Summary	  
In	  this	  chapter,	  I	  described	  the	  lung	  as	  a	  complex	  organ	  with	  great	  cellular	  plasticity	  during	  
development,	  regeneration,	  and	  disease.	  I	  reviewed	  evidence	  that	  epigenetic	  regulation	  
affects	  lung	  development,	  repair,	  and	  pathology.	  I	  summarized	  how	  Ezh2-­‐PRC2	  affects	  
developmental	  lineage	  decisions	  of	  multiple	  tissues	  including	  mesoderm	  and	  foregut	  
endoderm.	  In	  chapters	  2	  and	  3,	  I	  will	  address	  the	  roles	  that	  Ezh2	  plays	  in	  lung	  endoderm	  
and	  mesoderm	  development.	  	  
	   	  
	   	   	  14	  
Figure	  1.1	  	  Proximal	  airway	  epithelium	  differentiation	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Figure	  1.1	  	  Proximal	  airway	  epithelium	  differentiation	  
(A)	  In	  the	  extralobar	  airways,	  the	  trachea	  and	  bronchi,	  and	  in	  human	  intralobar	  airways,	  
also	  referred	  to	  as	  bronchioles,	  the	  Sox2+	  proximal	  airway	  progenitor	  epithelium	  
differentiates	  into	  a	  pseudostratified	  epithelium	  containing	  basal	  cells,	  goblet	  cells,	  
neuroendocrine	  cells,	  secretory	  club	  cells,	  and	  ciliated	  cells.	  (B)	  In	  the	  mouse	  bronchioles,	  
the	  Sox2+	  proximal	  airway	  progenitor	  epithelium	  differentiates	  into	  a	  simple	  columnar	  
epithelium	  without	  basal	  cells	  or	  goblet	  cells.	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Figure	  1.2	  	  Distal	  lung	  epithelium	  differentiation	  
Sox9+	  distal	  airway	  epithelial	  progenitors	  differentiate	  into	  alveolar	  epithelial	  type	  I	  and	  
type	  II	  cells	  (AT1	  and	  AT2).	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Figure	  1.3	  	  Lung	  epithelial	  stem	  cells	  by	  region	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Figure	  1.3	  	  Lung	  epithelial	  stem	  cells	  by	  region	  
(A)	  Basal	  cells	  are	  the	  self-­‐renewing	  multipotent	  stem	  cell	  of	  the	  trachea	  and	  human	  
bronchioles	  that	  contain	  basal	  cells.	  Basal	  cells	  directly	  give	  rise	  to	  ciliated	  and	  secretory	  
cells,	  and	  give	  rise	  to	  goblet	  cells	  and	  neuroendocrine	  cells	  possibly	  through	  a	  secretory	  cell	  
intermediate.	  Secretory	  club	  cells	  in	  the	  trachea	  only	  give	  rise	  to	  ciliated	  cells	  after	  genetic	  
manipulation	  that	  destroys	  basal	  cells.	  (B)	  Secretory	  club	  cells	  are	  the	  self-­‐renewing	  
multipotent	  stem	  cell	  of	  mouse	  bronchioles	  that	  do	  not	  contain	  basal	  cells.	  Club	  cells	  in	  
mouse	  bronchioles	  give	  rise	  to	  ciliated,	  goblet,	  and	  neuroendocrine	  cells.	  (C)	  Secretory	  
alveolar	  epithelial	  type	  II	  (AT2)	  cells	  rarely	  proliferate	  or	  differentiate	  into	  alveolar	  
epithelial	  type	  I	  (AT1),	  and	  AT1	  cells	  almost	  never	  proliferate	  or	  differentiate	  into	  AT2	  cells.	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Figure	  1.4	  	  Mesodermal	  lineages	  in	  lung	  development	  	  
(A)	  Lung	  mesoderm	  develops	  from	  the	  splanchnic	  mesoderm	  (pink)	  that	  surrounds	  the	  
foregut	  endoderm	  (blue).	  (B)	  Lung	  morphogenesis	  initiates	  with	  foregut	  endoderm	  budding	  
out	  into	  the	  splanchnic	  mesoderm,	  which	  develops	  into	  several	  multipotent	  progenitor	  
populations	  that	  together	  give	  rise	  to	  the	  lung	  mesoderm.	  (C)	  Diagram	  of	  lung	  mesodermal	  
lineages,	  color-­‐coded	  to	  lineages	  in	  (E).	  (D)	  Cross-­‐section	  of	  simplified	  lung	  in	  (C).	  (D)	  
Lineage	  tree	  of	  lung	  mesoderm,	  showing	  multiple	  routes	  of	  development	  for	  multiple	  
lineages	  of	  the	  lung	  mesoderm.	  Routes	  to	  smooth	  muscle	  lineages	  are	  indicated	  by	  thick	  
lines.	  Note	  that	  smooth	  muscle	  lineages	  develop	  from	  multiple	  progenitor	  populations.	  
	  
	   	  
	   	   	  20	  
CHAPTER	  2:	  Ezh2	  Represses	  The	  Basal	  Cell	  Lineage	  In	  Lung	  
Endoderm	  Development	  
	  
A	  portion	  of	  the	  data	  presented	  in	  this	  chapter	  was	  published	  in	  Development	  (Snitow	  et	  al.	  
2015).	  
Summary	  
The	  development	  of	  the	  lung	  epithelium	  is	  regulated	  in	  a	  step-­‐wise	  fashion	  to	  generate	  
myriad	  differentiated	  and	  stem	  cell	  lineages	  in	  the	  adult	  lung.	  How	  these	  different	  lineages	  
are	  generated	  in	  a	  spatially	  and	  temporally	  restricted	  fashion	  remains	  poorly	  understood	  
although	  epigenetic	  regulation	  likely	  plays	  an	  important	  role.	  The	  work	  presented	  in	  this	  
chapter	  uncovers	  the	  requirement	  for	  the	  PRC2	  enzyme	  Ezh2	  in	  lung	  endoderm	  
development.	  We	  show	  that	  Ezh2	  is	  highly	  expressed	  in	  early	  lung	  development	  but	  is	  
gradually	  down-­‐regulated	  by	  late	  gestation.	  Deletion	  of	  Ezh2	  in	  early	  lung	  endoderm	  
progenitors	  leads	  to	  the	  ectopic	  appearance	  of	  Trp63+	  basal	  cells,	  a	  lineage	  normally	  
restricted	  to	  the	  trachea	  and	  extralobar	  bronchi.	  Ezh2	  does	  not	  directly	  regulate	  the	  Trp63	  
promoter,	  but	  does	  repress	  Pax	  genes,	  and	  Pax9	  expression	  indirectly	  leads	  to	  Trp63+	  basal	  
cell	  formation.	  Loss	  of	  Ezh2	  also	  inhibits	  secretory	  club	  cell	  differentiation	  and	  lineage	  
commitment,	  despite	  ectopic	  Trp63+	  basal	  cells	  receiving	  Notch	  signaling	  that	  drives	  
differentiation	  to	  the	  secretory	  lineage.	  In	  place	  of	  secretory	  club	  cells,	  morphologically	  
similar	  cells	  develop	  that	  co-­‐express	  a	  subset	  of	  basal	  cell	  genes	  including	  Krt5	  and	  the	  
luminal	  commitment	  marker	  Krt8,	  but	  no	  longer	  express	  high	  levels	  of	  Trp63	  nor	  do	  they	  
markers	  of	  secretory	  club	  cell	  commitment.	  Together,	  these	  studies	  show	  that	  Ezh2	  restricts	  
the	  basal	  cell	  lineage	  during	  normal	  lung	  endoderm	  development	  to	  allow	  the	  proper	  
differentiation	  of	  the	  secretory	  cell	  lineage.	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Introduction	  
The	  lung	  epithelium	  is	  derived	  from	  a	  small	  population	  of	  ventral	  anterior	  foregut	  
endoderm	  that	  expresses	  the	  transcription	  factor	  Nkx2.1	  (Herriges	  and	  Morrisey	  2014).	  
This	  region	  of	  the	  foregut	  is	  polarized	  such	  that	  the	  ventral	  region	  contains	  the	  lung	  
endoderm	  progenitors	  and	  expresses	  high	  levels	  of	  Nkx2.1,	  while	  the	  dorsal	  region	  does	  not	  
express	  Nkx2.1	  but	  rather	  expresses	  high	  levels	  of	  the	  transcription	  factors	  Sox2	  and	  Trp63.	  
As	  development	  progresses,	  the	  primitive	  lung	  endoderm	  is	  patterned	  along	  its	  anterior-­‐
posterior	  axis	  resulting	  in	  distinct	  epithelial	  cell	  lineages	  in	  the	  mature	  airways	  and	  gas	  
exchange	  alveolar	  regions.	  Each	  of	  these	  lineages	  is	  regulated	  in	  a	  tightly	  controlled	  spatial	  
and	  temporal	  manner	  resulting	  in	  the	  appropriate	  deposition	  of	  epithelium	  in	  regions	  
where	  they	  are	  uniquely	  required,	  such	  as	  alveolar	  epithelial	  Type	  II	  cells	  in	  the	  distal	  
alveolus	  and	  basal	  and	  secretory	  cells	  in	  the	  airways.	  	  
	   Several	  signaling	  and	  transcriptional	  regulators	  have	  been	  shown	  to	  play	  important	  
roles	  in	  regulating	  lung	  epithelial	  development	  including	  Gata6,	  Nkx2.1,	  Sox2,	  and	  Sox9	  
(Kimura	  et	  al.	  1996;	  Liu	  et	  al.	  2002;	  Yang	  et	  al.	  2002;	  Que	  et	  al.	  2007;	  Que	  et	  al.	  2009;	  
Tompkins	  et	  al.	  2011;	  Rockich	  et	  al.	  2013).	  In	  addition	  to	  these	  regulators,	  recent	  evidence	  
has	  pointed	  to	  an	  important	  role	  for	  epigenetic	  chromatin	  modifiers	  in	  specification	  and	  
differentiation	  of	  various	  lung	  endoderm	  lineages	  including	  early	  stem/progenitor	  
populations.	  HDAC1	  and	  HDAC2	  are	  essential	  for	  the	  development	  of	  Sox2+	  proximal	  
endoderm	  progenitors,	  which	  generate	  all	  of	  the	  epithelial	  lineages	  lining	  the	  large	  airways	  
including	  secretory,	  ciliated,	  and	  basal	  cell	  lineages	  (Wang	  et	  al.	  2013).	  HDAC1/2	  regulate	  
Sox2	  expression	  by	  repressing	  Bmp4	  signaling	  and	  also	  regulate	  proliferation	  of	  Sox2+	  
endoderm	  progenitors	  by	  repressing	  the	  cell	  cycle	  inhibitors	  p16,	  p21,	  and	  Rb1	  (Wang	  et	  al.	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2013).	  However,	  what	  role	  other	  chromatin	  remodeling	  complexes	  play	  during	  lung	  
epithelial	  patterning	  and	  development	  remains	  poorly	  understood.	  
	   In	  this	  chapter,	  we	  show	  that	  Ezh2,	  a	  critical	  component	  of	  the	  PRC2,	  is	  required	  to	  
silence	  the	  basal	  cell	  lineage	  during	  lung	  development.	  In	  the	  absence	  of	  Ezh2,	  Trp63	  
expression	  is	  initiated	  early	  in	  lung	  epithelial	  development	  and	  Trp63-­‐expressing	  (Trp63+)	  
cells	  become	  basally	  localized	  and	  subsequently	  express	  additional	  markers	  of	  the	  basal	  
lineage	  including	  Krt5	  and	  Krt14.	  These	  Trp63+	  basal	  cells	  extend	  the	  full	  length	  of	  the	  
Sox2-­‐positive	  conducting	  airway	  epithelium,	  which	  resembles	  the	  patterning	  of	  this	  lineage	  
in	  human	  but	  not	  mouse	  lung	  airways.	  The	  ectopic	  appearance	  of	  basal	  cells	  is	  accompanied	  
by	  a	  severe	  depletion	  of	  mature	  secretory	  cells,	  a	  lineage	  that	  can	  interconvert	  with	  basal	  
cells	  in	  the	  adult	  respiratory	  airways	  (Rock	  et	  al.	  2009;	  Tata	  et	  al.	  2013).	  Instead	  of	  mature	  
secretory	  cells,	  Trp63-­‐/Krt5+	  cells	  develop	  which	  are	  morphologically	  similar	  to	  secretory	  
cells	  and	  occupy	  their	  niche,	  but	  do	  not	  express	  detectable	  levels	  of	  secretory	  lineage	  genes	  
such	  as	  Scgb1a1.	  These	  data	  indicate	  that	  Ezh2/PRC2	  is	  required	  to	  restrict	  the	  basal	  cell	  
lineage	  during	  lung	  development	  to	  allow	  for	  the	  proper	  differentiation	  of	  the	  secretory	  cell	  
lineage.	  
Ezh2	  is	  broadly	  expressed	  in	  the	  lung	  during	  development	  
In	  order	  to	  find	  novel	  epigenetic	  factors	  that	  influence	  lung	  development,	  we	  re-­‐examined	  	  
RNA-­‐seq	  data	  from	  E12.5	  and	  adult	  mouse	  lungs	  that	  we	  have	  recently	  published	  (Herriges	  
et	  al.	  2014).	  We	  found	  that	  Ezh2	  is	  one	  of	  the	  most	  differentially	  expressed	  genes	  between	  
embryonic	  and	  adult	  lungs,	  and	  one	  of	  the	  top	  differentially	  expressed	  chromatin	  modifying	  
enzymes.	  Ezh2	  is	  expressed	  at	  high	  levels	  at	  E12.5	  but	  is	  significantly	  down-­‐regulated	  in	  the	  
adult	  lung	  (Figure	  2.1	  A).	  To	  define	  the	  spatiotemporal	  pattern	  of	  Ezh2	  expression	  during	  
lung	  development,	  we	  performed	  immunohistochemistry	  (IHC)	  for	  Ezh2	  at	  various	  stages	  of	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mouse	  lung	  development.	  Ezh2	  is	  ubiquitously	  expressed	  in	  the	  respiratory	  endoderm	  and	  
lung	  mesoderm	  early	  in	  development	  (Figure	  2.1	  B).	  As	  development	  progresses,	  Ezh2	  
expression	  decreases	  in	  overall	  levels	  (Figure	  1B,	  Supplemental	  Figure	  1A	  and	  B).	  These	  
findings	  have	  been	  independently	  confirmed	  by	  quantitative	  real-­‐time	  PCR	  (qPCR)	  analysis	  
in	  a	  later	  publication	  also	  describing	  Ezh2’s	  role	  in	  lung	  endoderm	  development	  (Galvis	  et	  
al.	  2015).	  These	  data	  suggest	  that	  Ezh2,	  and	  PRC2	  in	  general,	  may	  play	  an	  important	  role	  in	  
early	  lung	  endoderm	  development.	  
Ezh2	  expression	  develops	  lineage	  specificity	  in	  late	  development	  
In	  order	  to	  predict	  Ezh2’s	  role	  in	  lung	  development,	  we	  determined	  whether	  expression	  
levels	  correlated	  with	  early	  markers	  of	  endoderm	  lineage	  specification,	  and	  which	  
endodermal	  lineages	  maintain	  Ezh2	  expression	  while	  global	  expression	  decreases	  late	  in	  
development.	  The	  Sox2-­‐positive	  lung	  endoderm	  progenitors	  give	  rise	  to	  all	  proximal	  airway	  
cell	  types,	  including	  Scgb1a1-­‐positive	  club	  cells,	  TubbIV-­‐positive	  ciliated	  cells,	  Mucin5ac-­‐
positive	  goblet	  cells,	  and	  Pgp9.5-­‐positive	  neuroendocrine	  cells	  (Tompkins	  et	  al.	  2009;	  
Arnold	  et	  al.	  2011;	  Tompkins	  et	  al.	  2011).	  The	  Sox9-­‐positive	  lung	  endoderm	  progenitors	  
give	  rise	  to	  the	  distal	  airway	  lineages,	  the	  Type	  I	  and	  Type	  II	  alveolar	  epithelial	  cells	  that	  
express	  Pdpn	  and	  SP-­‐C,	  respectively	  (Rawlins	  et	  al.	  2009a).	  We	  performed	  IHC	  on	  adjacent	  
sections	  of	  wild-­‐type	  lungs	  at	  E14.5	  that	  have	  just	  begun	  proximal	  lineage	  specification	  and	  
still	  have	  common	  progenitors	  for	  distal	  lineages,	  as	  well	  as	  at	  E16.5	  when	  the	  distal	  
lineages	  undergo	  specification.	  We	  found	  that	  Ezh2	  is	  highly	  expressed	  in	  both	  Sox2-­‐
positive	  and	  Sox9-­‐positive	  endoderm	  progenitors	  at	  both	  of	  these	  time	  points	  (Figure	  2.2	  
A).	  To	  determine	  which	  cell	  types	  Ezh2	  expression	  becomes	  restricted	  to	  in	  late	  
development,	  we	  performed	  IHC	  and	  used	  confocal	  microscopy	  to	  assess	  co-­‐localization	  of	  
Ezh2	  with	  the	  markers	  of	  differentiated	  lineages	  at	  E18.5,	  the	  end	  of	  prenatal	  lung	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development.	  In	  the	  proximal	  airways,	  Ezh2	  co-­‐localized	  with	  the	  TubbIV-­‐positive	  ciliated	  
cells,	  but	  not	  with	  the	  Scgb1a1-­‐positive	  club	  cells.	  This	  was	  an	  unexpected	  result,	  because	  
ciliated	  cells	  have	  no	  stem	  cell	  capabilities	  of	  self-­‐renewal	  and	  differentiation	  into	  other	  
lineages,	  and	  Ezh2	  is	  associated	  with	  stem	  cells,	  while	  club	  cells	  that	  express	  less	  Ezh2	  than	  
ciliated	  cells	  are	  the	  repopulating	  progenitors	  in	  murine	  bronchioles	  (Rawlins	  et	  al.	  2007;	  
Rawlins	  and	  Hogan	  2008;	  Rawlins	  et	  al.	  2009b).	  
Loss	  of	  Ezh2	  expression	  in	  the	  developing	  lung	  endoderm	  results	  in	  impaired	  
epithelial	  development	  
To	  functionally	  assess	  the	  role	  of	  Ezh2	  during	  mouse	  lung	  endoderm	  development,	  we	  
generated	  a	  lung	  endoderm	  specific	  loss	  of	  function	  mutant	  by	  crossing	  Ezh2flox/flox	  mice	  (Su	  
et	  al.	  2003)	  with	  the	  early	  lung	  endoderm	  recombinase	  Shhcre	  that	  is	  active	  in	  the	  anterior	  
foregut	  endoderm	  by	  E9.5,	  at	  the	  onset	  of	  lung	  specification	  and	  morphogenesis	  (Harfe	  et	  al.	  
2004;	  Wang	  et	  al.	  2013).	  Shhcre:Ezh2flox/flox	  mutants	  do	  not	  survive	  after	  birth,	  so	  we	  assessed	  
lung	  development	  at	  E18.5.	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  were	  smaller	  than	  their	  control	  
littermates	  (Figure	  2.3	  A).	  To	  determine	  the	  cause	  of	  postnatal	  respiratory	  dysfunction,	  we	  
analyzed	  epithelial	  maturation	  by	  IHC	  and	  qPCR,	  which	  revealed	  a	  marked	  decrease	  in	  
expression	  of	  genes	  associated	  with	  the	  secretory	  lineage	  including	  Scgb1a1,	  a	  marker	  of	  
terminally	  differentiated	  and	  mature	  club	  cells	  (Figure	  2.3	  B	  and	  E).	  In	  contrast,	  we	  did	  not	  
observe	  a	  decrease,	  either	  by	  IHC	  or	  by	  qPCR,	  of	  markers	  of	  the	  ciliated	  epithelial	  lineage,	  
TubbIV	  and	  Foxj1	  (Figure	  2.3	  B	  and	  F).	  These	  data	  suggest	  a	  loss	  of	  secretory	  cell	  
differentiation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  To	  determine	  whether	  the	  secretory	  
lineage	  fails	  to	  be	  specified	  completely	  or	  is	  specified	  but	  is	  unable	  to	  terminally	  
differentiate,	  we	  performed	  IHC	  and	  qPCR	  for	  earlier	  markers	  of	  this	  lineage,	  Scgb3a2	  and	  
SSEA1	  (Xing	  et	  al.	  2010).	  We	  found	  a	  dramatic	  decrease	  in	  expression	  of	  these	  secretory	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lineage	  progenitor	  markers,	  indicating	  that	  initial	  specification	  of	  this	  lineage	  is	  impaired	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.3	  C-­‐E).	  While	  these	  data	  seem	  counterintuitive	  to	  
the	  higher	  Ezh2	  expression	  in	  ciliated	  cells	  and	  lower	  secretory	  cells	  in	  wild-­‐type	  lungs	  at	  
E18.5,	  there	  may	  be	  a	  differential	  requirement	  for	  Ezh2	  at	  different	  stages	  of	  development.	  
It	  is	  also	  unexpected	  that	  a	  loss	  of	  the	  proximal	  secretory	  club	  cells	  has	  no	  effect	  on	  TubbIV-­‐
positive	  ciliated	  cells,	  as	  club	  cells	  are	  the	  progenitors	  that	  give	  rise	  to	  ciliated	  cells	  in	  
postnatal	  development	  in	  murine	  intralobar	  airways.	  Secretory	  cells	  were	  not	  shunted	  
toward	  a	  ciliated	  cell	  fate,	  nor	  did	  the	  absence	  of	  secretory	  cells	  inhibit	  differentiation	  of	  
ciliated	  cells.	  
Loss	  of	  Ezh2	  leads	  to	  the	  development	  of	  ectopic	  Trp63+	  basal	  cells	  
To	  better	  define	  the	  alterations	  caused	  by	  the	  early	  loss	  of	  Ezh2	  expression	  in	  the	  
developing	  lung	  endoderm,	  we	  performed	  transcriptome	  analysis	  at	  E14.5	  in	  
Shhcre:Ezh2flox/flox	  mutants	  and	  Shhcre	  controls	  using	  microarray	  analysis	  (n=4	  per	  genotype).	  
The	  E14.5	  time	  point	  was	  used	  in	  these	  assays	  since	  this	  allows	  for	  complete	  deletion	  of	  
genes	  using	  the	  Shhcre	  recombinase	  (Wang	  et	  al.	  2013).	  188	  genes	  were	  up-­‐regulated	  and	  86	  
genes	  were	  down-­‐regulated	  more	  than	  1.25-­‐fold	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  
Gene	  Ontology	  (GO)	  analysis	  using	  DAVID	  software	  indicates	  a	  broad	  array	  of	  
developmentally	  regulated	  genes	  are	  deregulated	  by	  loss	  of	  Ezh2	  (Table	  2.1).	  Within	  the	  top	  
three	  enriched	  GO	  categories,	  we	  found	  the	  transcription	  factor	  Trp63,	  which	  is	  a	  marker	  of	  
the	  basal	  cell	  lineage	  in	  the	  lung	  (Rock	  et	  al.	  2009).	  Jag2	  and	  Itgb4,	  two	  other	  respiratory	  
basal	  cell-­‐specific	  genes,	  were	  also	  up-­‐regulated	  in	  the	  microarrays	  (Table	  2.2).	  Several	  
keratins,	  including	  Krt4/15/17	  that	  are	  associated	  with	  Trp63-­‐expressing	  squamous	  cell	  
carcinomas	  (Blobel	  et	  al.	  1984),	  were	  up-­‐regulated	  in	  the	  microarray	  (Table	  2.2).	  Previously	  
published	  microarray	  data	  comparing	  tracheal	  basal	  cells	  to	  surrounding	  epithelium	  (Rock	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et	  al.	  2009)	  was	  reanalyzed	  and	  25.5%	  (48/188)	  of	  the	  genes	  up-­‐regulated	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  overlapped	  with	  the	  adult	  tracheal	  basal	  cell	  signature	  
(Figure	  2.4	  A).	  Basal	  cells	  are	  a	  stem	  cell	  population	  that	  exists	  in	  the	  basal	  surface	  of	  the	  
trachea	  and	  proximal	  main	  stem	  bronchi	  of	  the	  rodent	  lung	  (Rock	  et	  al.	  2009;	  Rock	  et	  al.	  
2010).	  Basal	  cells	  do	  not	  normally	  develop	  in	  the	  mouse	  intralobar	  airways;	  current	  
hypotheses	  suggest	  that	  cartilaginous	  rings	  that	  surround	  basal-­‐cell	  containing	  mouse	  
tracheae	  and	  human	  airways	  provide	  a	  critical	  niche	  for	  basal	  cell	  development.	  The	  
increase	  in	  Trp63	  expression	  indicated	  that	  either	  this	  transcription	  factor	  was	  up-­‐
regulated	  non-­‐specifically	  throughout	  the	  developing	  lung	  epithelium	  or	  that	  basal	  cells	  
were	  ectopically	  developing	  in	  the	  mouse	  lung.	  
qPCR	  confirmed	  up-­‐regulation	  of	  Trp63	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5	  
(Figure	  2.4	  B).	  Moreover,	  qPCR	  showed	  that	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  expressed	  the	  
carboxy-­‐terminal	  alpha	  isoform	  which	  is	  associated	  with	  basal	  cells	  (Figure	  2.4	  B)	  
(Signoretti	  et	  al.	  2000).	  To	  determine	  spatial	  localization	  of	  Trp63	  expression,	  we	  
performed	  IHC	  analysis	  and	  found	  Trp63+	  cells	  extensively	  lining	  the	  entire	  airways	  of	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5	  while	  control	  lungs	  had	  few	  if	  any	  of	  these	  cells	  
(Figure	  2.4	  C).	  Of	  note,	  Trp63+	  cells	  were	  found	  along	  the	  entire	  length	  of	  the	  Sox2-­‐positive	  
proximal	  airway	  tree	  all	  the	  way	  to	  the	  bronchioalveolar	  junction	  but	  not	  into	  the	  alveolar	  
epithelium.	  Together,	  these	  data	  demonstrate	  a	  distal	  expansion	  of	  the	  Trp63+	  basal	  cell	  
lineage	  into	  the	  lungs	  of	  Shhcre:Ezh2flox/flox	  mutants.	  
Trp63+	  cells	  in	  Shhcre:Ezh2flox/flox	  mutants	  express	  additional	  markers	  of	  the	  basal	  cell	  
lineage	  
To	  assess	  whether	  the	  Trp63+	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  are	  de	  facto	  basal	  cells,	  
we	  investigated	  whether	  they	  express	  other	  markers	  of	  the	  basal	  cell	  lineage	  by	  performing	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IHC	  for	  Krt5,	  Krt14,	  and	  Pdpn.	  Krt5	  and	  Krt14	  are	  known	  transcriptional	  targets	  of	  Trp63	  
(Romano	  et	  al.	  2007;	  Romano	  et	  al.	  2009).	  Krt5,	  Krt14,	  and	  Pdpn	  are	  not	  expressed	  in	  
airway	  epithelium	  of	  control	  lungs	  at	  E16.5	  (Figure	  2.5	  A).	  In	  contrast,	  Krt5	  expression	  is	  
observed	  at	  E16.5	  throughout	  the	  developing	  airway	  epithelium	  of	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  (Figure	  2.5	  A).	  This	  corresponds	  to	  the	  expansion	  of	  Trp63	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  (Figure	  2.5	  A).	  Krt14	  is	  also	  observed	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E16.5	  but	  is	  
restricted	  to	  a	  more	  basal	  position	  in	  the	  epithelium	  along	  with	  Pdpn	  (Figure	  2.5	  A,	  inset).	  
Pax9,	  a	  marker	  of	  esophageal	  epithelium	  associated	  with	  Trp63+	  esophageal	  basal	  cells	  
(Peters	  et	  al.	  1998),	  is	  also	  highly	  expressed	  in	  Shhcre:Ezh2flox/flox	  mutant	  lung	  airways	  at	  
E16.5	  (Figure	  2.5	  A).	  The	  increase	  or	  ectopic	  expression	  of	  Krt5,	  Krt14,	  Pdpn,	  and	  Pax9	  was	  
confirmed	  by	  qPCR	  (Figure	  2.5	  B).	  Pax9	  and	  Trp63	  expression	  is	  also	  associated	  with	  
Foxn1+	  thymic	  epithelium,	  but	  Foxn1	  expression	  could	  not	  be	  detected	  by	  qPCR	  (data	  not	  
shown).	  We	  have	  tested	  multiple	  anti-­‐Pax9	  antibodies	  without	  success	  in	  IHC,	  so	  we	  are	  
unable	  to	  perform	  co-­‐IHC	  for	  Pax9	  to	  determine	  whether	  Trp63+	  basal	  cells	  express	  Pax9.	  
However,	  given	  the	  overlapping	  ectopic	  expression	  of	  both	  Pax9	  and	  Trp63	  throughout	  the	  
Sox2-­‐positive	  airways,	  expression	  of	  these	  two	  genes	  may	  be	  linked.	  
	   We	  performed	  chromatin	  immunoprecipitation	  (ChIP)	  against	  the	  histone	  mark	  
H3K27me3,	  which	  is	  associated	  with	  Ezh2/PRC2	  repression,	  on	  the	  promoters	  of	  several	  of	  
the	  up-­‐regulated	  genes.	  We	  chose	  to	  immunoprecipitate	  Ezh2’s	  histone	  mark	  rather	  than	  
Ezh2	  itself	  because	  physical	  association	  of	  a	  locus	  with	  Ezh2	  does	  not	  necessarily	  correlate	  
with	  active	  repression	  in	  vivo	  (Davidovich	  et	  al.	  2013;	  Cifuentes-­‐Rojas	  et	  al.	  2014).	  The	  
promoters	  for	  the	  basal	  cell	  genes	  dNp63,	  Krt5,	  and	  Krt14	  have	  little	  enrichment	  for	  the	  
H3K27me3	  histone	  mark	  relative	  to	  a	  gene	  desert	  region	  or	  the	  actively	  transcribed	  gene	  
GAPDH	  (Figure	  2.5	  C).	  However,	  the	  promoter	  of	  Pax9,	  which	  is	  highly	  expressed	  in	  the	  
airways	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  and	  is	  associated	  with	  esophageal	  Trp63+	  basal	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cells	  (Peters	  et	  al.	  1998),	  shows	  a	  high	  level	  of	  occupancy	  by	  H3K27me3	  histone	  marks	  
(Figure	  2.5	  C).	  Of	  note,	  Pax	  family	  members	  are	  well-­‐established	  PRC2	  targets	  for	  
transcriptional	  repression	  (Boyer	  et	  al.	  2006;	  Lee	  et	  al.	  2006),	  and	  other	  Pax	  family	  
members	  have	  previously	  been	  shown	  to	  be	  repressed	  specifically	  by	  Ezh2	  (Woodhouse	  et	  
al.	  2013).	  	  	  
Pax9	  overexpression	  induces	  Trp63+	  basal	  cell	  development	  
The	  overlapping	  patterns	  of	  ectopic	  Pax9	  and	  Trp63	  expression	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  suggest	  that	  one	  of	  these	  transcription	  factors	  may	  regulate	  expression	  of	  the	  other.	  
Bioinformatic	  analysis	  revealed	  potential	  Pax	  motifs	  in	  both	  Trp63	  promoters,	  and	  Trp63	  
motifs	  in	  the	  Pax9	  promoter.	  To	  test	  whether	  the	  increased	  expression	  of	  Pax9	  could	  lead	  to	  
initiation	  of	  some	  or	  all	  aspects	  of	  the	  basal	  cell	  program	  during	  lung	  development,	  we	  
transgenically	  over-­‐expressed	  Pax9	  in	  the	  developing	  lung	  endoderm	  using	  the	  well-­‐
characterized	  human	  SFTPC	  promoter	  and	  observed	  Trp63-­‐expressing	  cells	  in	  both	  large	  
and	  small	  airways	  of	  transgenic	  lungs	  at	  E17.5	  (Figure	  2.6	  A	  and	  B).	  Moreover,	  Scgb1a1	  
expression	  was	  also	  decreased	  upon	  Pax9	  over-­‐expression,	  consistent	  with	  the	  phenotype	  
in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.6	  B).	  These	  data	  suggest	  that	  Pax9	  de-­‐repression	  
is	  partially	  responsible	  for	  the	  increase	  in	  Trp63	  expression	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs.	  However,	  we	  could	  not	  detect	  expression	  of	  other	  basal	  cell	  markers	  including	  Pdpn,	  
Krt5,	  and	  Krt14	  in	  the	  SFTPC-­‐Pax9	  transgenic	  lungs	  (data	  not	  shown),	  suggesting	  that	  Pax9	  
is	  not	  the	  sole	  driver	  of	  this	  phenotype.	  Indeed,	  Igf1	  has	  recently	  been	  shown	  to	  be	  an	  
additional	  mediator	  of	  the	  basal	  cell	  phenotype	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Galvis	  et	  
al.	  2015).	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Trp63	  and	  Pax9	  do	  not	  activate	  each	  others’	  promoters	  in	  vitro	  
To	  determine	  whether	  Pax9	  directly	  activates	  Trp63	  transcription,	  or	  whether	  Pax9	  
expression	  promotes	  Trp63	  expression	  through	  non-­‐cell-­‐autonomous	  effects,	  we	  performed	  
in	  vitro	  studies	  of	  Trp63	  and	  Pax9	  promoter	  activation.	  We	  first	  tested	  for	  direct	  activation	  
of	  the	  dNp63	  promoter	  by	  Pax9,	  and	  found	  that	  increasing	  amounts	  of	  Pax9	  only	  weakly	  
activated	  a	  dNp63	  promoter-­‐luciferase	  construct,	  while	  increasing	  amounts	  of	  a	  positive	  
control,	  Sox2,	  induced	  promoter-­‐luciferase	  activity	  (Figure	  2.7	  A).	  To	  determine	  whether	  
dNp63a	  directly	  activates	  Pax9	  expression,	  we	  performed	  the	  inverse	  experiment.	  We	  found	  
that	  increasing	  amounts	  of	  dNp63alpha	  does	  increase	  Pax9	  promoter-­‐luciferase	  activity,	  but	  
this	  effect	  is	  weak	  compared	  to	  activation	  by	  Sox2	  and	  Nkx2.1,	  which	  are	  both	  expressed	  in	  
airway	  epithelium	  (Figure	  2.7	  B).	  These	  data	  suggest	  that	  the	  effects	  of	  Pax9	  expression	  on	  
Trp63	  are	  indirect,	  and	  that	  the	  de-­‐repressed	  Pax9	  promoter	  may	  be	  directly	  activated	  by	  
other	  transcription	  factors	  present	  in	  the	  proximal	  airway	  endoderm.	  
Ectopic	  Trp63+	  basal	  cells	  maintain	  Nkx2.1+	  lung	  identity	  
The	  proximal	  airways	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  resemble	  the	  esophageal	  endoderm,	  
which	  is	  also	  a	  Sox2+	  epithelium	  expressing	  Pax9	  and	  containing	  basal	  cells	  expressing	  
Trp63,	  Krt5,	  Krt14,	  and	  Pdpn.	  To	  determine	  whether	  Shhcre:Ezh2flox/flox	  mutant	  lung	  
endoderm	  has	  transdifferentiated	  into	  an	  esophageal	  identity,	  we	  investigated	  whether	  
Shhcre:Ezh2flox/flox	  mutant	  lung	  endoderm	  expresses	  the	  master	  transcription	  factor	  of	  lung	  
identity,	  Nkx2.1.	  We	  performed	  co-­‐IHC	  for	  Nkx2.1	  and	  Trp63	  at	  E18.5,	  and	  analyzed	  co-­‐
localization	  using	  confocal	  microscopy.	  We	  found	  that	  the	  airway	  endoderm	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  retains	  expression	  of	  Nkx2.1,	  and	  the	  ectopic	  Trp63+	  basal	  
cells	  co-­‐express	  Nkx2.1	  (Figure	  2.8),	  as	  do	  basal	  cells	  that	  normally	  form	  in	  the	  adult	  lung	  
trachea	  and	  main	  stem	  bronchi.	  These	  data	  show	  that	  the	  Shhcre:Ezh2flox/flox	  mutant	  lung	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endoderm	  maintains	  respiratory	  endoderm	  identity	  despite	  ectopic	  expression	  of	  genes	  
associated	  with	  esophageal	  endoderm.	  Additionally,	  these	  data	  show	  that	  the	  mutant	  
airway	  epithelium	  is	  no	  longer	  organized	  into	  a	  single	  monolayer	  of	  cells.	  While	  the	  Trp63+	  
basal	  cells	  are	  located	  in	  a	  basal	  position,	  there	  appear	  to	  be	  multiple	  layers	  of	  Nkx2.1+	  
epithelial	  cells	  overlaying	  these	  (Figure	  2.8),	  resembling	  the	  pseudostratified	  tracheal	  
epithelium.	  	  Thus,	  the	  ectopic	  appearance	  of	  Trp63+	  basal	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  leads	  to	  formation	  of	  multilayered	  and	  disorganized	  respiratory	  epithelium	  lining	  the	  
bronchiolar	  airways.	  
Ectopic	  Trp63+	  basal	  cells	  develop	  early	  upon	  loss	  of	  Ezh2	  expression	  in	  the	  lung	  
Lungs	  develop	  from	  the	  foregut	  endoderm,	  which	  expresses	  Sox2	  and	  Trp63	  (Que	  et	  al.	  
2007).	  We	  deleted	  Ezh2	  in	  the	  foregut	  endoderm	  starting	  around	  E9.5,	  and	  it	  is	  possible	  
that	  Trp63	  expression	  was	  not	  silenced	  as	  is	  normal	  when	  the	  foregut	  initiates	  expression	  
of	  Nkx2.1	  and	  develops	  into	  respiratory	  endoderm.	  To	  determine	  when	  Trp63+	  basal	  cells	  
start	  to	  develop	  in	  the	  proximal	  airways	  of	  the	  Shhcre:Ezh2flox/flox	  mutants,	  we	  performed	  co-­‐
IHC	  for	  the	  proximal	  airway	  marker	  Sox2	  and	  the	  basal	  cell	  marker	  Trp63.	  While	  only	  rarely	  
observed	  in	  E12.5	  control	  lungs,	  numerous	  Trp63+/Sox2+	  cells	  could	  be	  observed	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  even	  at	  this	  early	  time	  point	  (Figure	  2.9	  A).	  Moreover,	  these	  
Trp63+/Sox2+	  cells	  became	  more	  numerous	  as	  development	  progressed	  through	  E18.5.	  Of	  
note,	  all	  Trp63+	  cells	  expressed	  Sox2,	  suggesting	  that	  they	  arose	  from	  a	  primitive	  Sox2+	  
lung	  endoderm	  progenitor	  early	  in	  airway	  development.	  
	   Next,	  we	  assessed	  the	  time	  course	  of	  expression	  of	  the	  basal	  cell	  markers	  Krt5,	  
Krt14,	  and	  Pdpn.	  While	  Trp63+	  cells	  appeared	  by	  E12.5,	  Krt5	  expression	  was	  not	  observed	  
until	  E14.5,	  when	  Krt5	  became	  detectable	  in	  some	  Trp63+	  cells	  in	  the	  bronchioles	  of	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.9	  B).	  By	  E18.5,	  Krt5	  expression	  was	  observed	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throughout	  the	  developing	  airway	  epithelium	  including	  dome	  shaped	  cells	  that	  were	  not	  in	  
the	  basal	  position	  (Figure	  2.9	  B).	  Krt14	  and	  Pdpn	  expression	  lagged	  behind	  Krt5,	  and	  were	  
not	  present	  in	  Trp63+	  cells	  at	  E14.5	  (Figure	  2.9	  C	  and	  D).	  By	  E18.5,	  the	  expression	  of	  Krt14	  
and	  Pdpn	  was	  expanded	  to	  a	  majority	  of	  Trp63+	  basal	  cells	  in	  the	  bronchioles	  of	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.9	  C	  and	  D).	  Thus,	  Sox2+/Trp63+	  cells	  appear	  early	  
in	  the	  developing	  lung	  epithelium	  in	  the	  absence	  of	  Ezh2,	  but	  do	  not	  fully	  differentiate	  into	  
Krt5,	  Krt14,	  and	  Pdpn-­‐expressing	  basal	  cells	  until	  late	  development.	  
Cell	  proliferation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  
Since	  the	  ectopic	  appearance	  of	  Trp63+	  basal	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  could	  be	  
due	  to	  an	  increase	  in	  cell	  proliferation	  of	  a	  small	  number	  of	  these	  cells	  early	  in	  development,	  
we	  assessed	  both	  the	  overall	  cell	  proliferation	  changes	  as	  well	  as	  the	  specific	  changes	  in	  
Trp63+	  and	  Sox2+	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  Both	  at	  E12.5	  and	  at	  E14.5,	  there	  
was	  no	  significant	  overall	  change	  in	  cell	  proliferation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  as	  
measured	  by	  phosphorylated	  histone	  3	  (PH3)	  (Figure	  2.10	  A).	  However,	  by	  E18.5	  there	  was	  
a	  significant	  decrease	  in	  epithelial	  cell	  proliferation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  
2.10	  B).	  We	  used	  BrdU	  labeling	  to	  measure	  the	  specific	  proliferation	  rates	  more	  sensitively	  
in	  Sox2+	  proximal	  airway	  epithelial	  cells	  at	  E12.5	  and	  found	  no	  significant	  changes	  in	  their	  
proliferation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.10	  C).	  To	  determine	  whether	  the	  
Trp63+	  population	  expanded	  between	  E12.5	  and	  E14.5	  due	  to	  a	  higher	  proliferation	  rate	  
than	  the	  rest	  of	  the	  Sox2+	  epithelium,	  we	  compared	  the	  proliferation	  rate	  of	  the	  ectopic	  
Trp63+	  cells	  to	  the	  rest	  of	  the	  Sox2+	  epithelium,	  and	  found	  that	  Trp63+	  cells	  do	  not	  have	  a	  
proliferative	  advantage	  (Figure	  2.10	  C).	  Thus,	  it	  is	  unlikely	  that	  an	  increase	  in	  cell	  
proliferation	  in	  a	  small	  number	  of	  Trp63+	  cells	  early	  in	  development	  could	  account	  for	  the	  
dramatic	  increase	  in	  these	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  
	   	   	  32	  
Trp63-­‐/Krt5+	  cells	  formed	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  resemble	  secretory	  cells	  
and	  may	  represent	  an	  intermediate	  between	  the	  basal	  and	  secretory	  lineages	  
As	  noted	  earlier	  (Figure	  2.5	  A	  and	  Figure	  2.9	  B),	  many	  Krt5+	  cells	  protrude	  into	  the	  airway	  
lumen	  rather	  than	  maintain	  a	  basal	  epithelial	  position	  where	  Trp63	  expression	  is	  localized.	  
Closer	  examination	  of	  the	  Krt5+	  population	  of	  cells	  in	  the	  E18.5	  lung	  shows	  that	  in	  addition	  
to	  the	  basal	  cells	  expressing	  Krt5,	  there	  is	  also	  a	  large	  population	  of	  dome-­‐shaped	  cells	  that	  
express	  Krt5	  (Figure	  2.11	  A).	  While	  some	  Krt5+	  cells	  express	  Trp63,	  there	  is	  a	  population	  of	  
Krt5+/Trp63-­‐	  dome-­‐shaped	  cells	  which	  contain	  nuclei	  on	  the	  luminal	  side	  of	  the	  airway	  
(Figure	  2.11	  A,	  asterisks).	  This	  is	  in	  contrast	  to	  Pdpn	  expression	  which	  is	  preferentially	  
located	  to	  just	  basal	  cells	  in	  the	  airways	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5	  (Figure	  
2.11	  B).	  This	  suggests	  that	  the	  dome-­‐shaped	  Krt5+	  cells	  are	  distinct	  from	  the	  basal	  
Krt5+/Trp63+/Pdpn+	  cells.	  The	  nuclei	  that	  protrude	  into	  the	  lumen	  could	  be	  due	  to	  
interkinetic	  nuclear	  migration	  that	  occurs	  during	  cell	  division.	  However,	  PH3	  and	  BrdU	  IHC	  
does	  not	  indicate	  any	  active	  cell	  proliferation	  in	  these	  dome-­‐shaped	  Krt5+	  cells	  at	  E18.5	  
(Figure	  2.11	  C	  and	  D).	  Thus,	  the	  dome-­‐shaped	  Krt5+/Trp63-­‐	  cells	  are	  a	  distinct	  population	  
from	  the	  Krt5+/Trp63+/Pdpn+	  basal	  cells.	  
Krt5+/Trp63-­‐	  cells	  are	  very	  early	  luminal	  progenitors	  
The	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  resemble	  the	  morphology	  of	  Scgb1a1+	  
secretory	  club	  cells	  and	  appear	  to	  have	  displaced	  the	  missing	  club	  cells	  in	  the	  airway	  
epithelium	  (Figure	  2.13).	  In	  the	  trachea,	  Krt5+/Trp63+	  basal	  cells	  are	  the	  stem	  cell	  
population	  for	  both	  ciliated	  and	  secretory	  cells.	  The	  disappearance	  of	  a	  daughter	  cell	  lineage	  
combined	  with	  the	  ectopic	  appearance	  of	  its	  tracheal	  stem	  cell	  population	  led	  us	  to	  
hypothesize	  that	  the	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  are	  a	  differentiation	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intermediate	  that	  are	  unable	  to	  fully	  silence	  the	  basal	  cell	  program	  and	  allow	  complete	  
differentiation	  to	  Scgb1a1+	  club	  cells.	  	  
	   To	  investigate	  whether	  the	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  express	  
markers	  of	  the	  secretory	  lineage,	  we	  performed	  co-­‐IHC	  for	  Krt5	  and	  markers	  of	  secretory	  
lineage	  differentiation.	  We	  used	  confocal	  microscopy	  to	  determine	  cellular	  co-­‐localization	  of	  
these	  markers.	  We	  first	  ruled	  out	  the	  possibility	  that	  these	  might	  be	  TubbIV+	  ciliated	  cells,	  
which	  was	  unlikely	  due	  to	  the	  differences	  in	  morphology.	  As	  noted	  earlier	  (Figure	  2.3	  B-­‐E),	  
the	  secretory	  lineage	  is	  dramatically	  reduced	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs,	  but	  smaller	  
bronchioles	  tend	  to	  retain	  some	  club	  cells.	  In	  these	  club	  cell-­‐containing	  airways,	  we	  found	  
that	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  were	  similar	  in	  shape	  to	  Scgb1a1+	  club	  cells	  
but	  mutually	  exclusive	  with	  Scgb1a1	  expression.	  Therefore,	  these	  cells	  are	  not	  mature	  club	  
cells.	  Similarly,	  we	  found	  that	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  are	  also	  mutually	  
exclusive	  with	  SSEA1	  expression,	  an	  early	  marker	  of	  specified	  secretory	  progenitors.	  
Because	  these	  cells	  still	  express	  the	  basal	  cell	  marker	  Krt5,	  we	  investigated	  whether	  they	  
express	  early	  markers	  of	  basal	  cell	  specification	  to	  suprabasal	  lineages.	  One	  of	  these	  
markers,	  Krt8,	  is	  expressed	  in	  differentiated	  luminal	  cells,	  including	  ciliated	  and	  club	  cells	  
(Rock	  et	  al.	  2011),	  but	  Krt5+/Trp63-­‐/Krt8+	  cells	  denote	  parabasal	  cells	  that	  have	  been	  
specified	  for	  differentiation	  in	  models	  of	  tracheal	  basal	  cell	  hyperplasia	  induced	  by	  
constitutively	  active	  Yap	  expression	  and	  by	  knockout	  of	  Notch3	  (Zhao	  et	  al.	  2014;	  Mori	  et	  al.	  
2015).	  The	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  in	  the	  bronchioles	  of	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  also	  express	  Krt8,	  while	  the	  basally-­‐located	  Krt5+	  cells	  do	  not	  express	  Krt8	  
(Figure	  2.13).	  These	  data	  indicate	  that	  the	  Krt5+/Trp63-­‐	  dome-­‐shaped	  luminal	  cells	  have	  
been	  specified	  for	  differentiation	  to	  a	  basal	  cell	  daughter	  lineage,	  but	  are	  unable	  to	  fully	  
silence	  the	  Krt5+	  basal	  cell	  program	  and	  commit	  to	  a	  SSEA1+	  secretory	  progenitor	  state.	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Trp63+	  basal	  cells	  experience	  pro-­‐differentiation	  Notch	  signaling	  	  
Other	  studies	  have	  demonstrated	  an	  important	  role	  for	  Notch	  signaling	  in	  development	  of	  
the	  secretory	  cell	  lineage	  and	  in	  tracheal	  basal	  cell	  differentiation	  (Tsao	  et	  al.	  2009;	  
Morimoto	  et	  al.	  2010;	  Rock	  et	  al.	  2011;	  Mori	  et	  al.	  2015).	  We	  examined	  expression	  of	  the	  
Notch1	  intracellular	  domain	  (ICD)	  to	  assess	  activity	  of	  this	  pathway	  in	  Shhcre:Ezh2flox/flox	  
mutant	  lungs.	  In	  the	  large	  bronchi	  of	  control	  animals,	  we	  observed	  a	  co-­‐localization	  of	  
Notch1-­‐ICD	  with	  Trp63	  expression	  but	  there	  was	  no	  expression	  of	  either	  protein	  in	  the	  
more	  distal	  bronchioles	  (Figure	  2.14	  A).	  However,	  we	  observed	  co-­‐localization	  of	  Notch1-­‐
ICD	  and	  Trp63	  in	  the	  distal	  bronchioles	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5	  (Figure	  
2.14	  A).	  Rock	  et	  al.	  previously	  found	  that	  exogenous	  overexpression	  of	  Notch1-­‐ICD	  in	  Krt5+	  
basal	  cells	  causes	  luminal	  differentiation	  to	  Pdpn-­‐/Krt8+	  cells,	  while	  loss-­‐of-­‐function	  Notch	  
basal	  cells	  maintain	  Trp63	  expression	  and	  have	  reduced	  differentiation	  to	  Krt8+	  luminal	  
progenitors	  (Rock	  et	  al.	  2011).	  This	  suggests	  that	  these	  Trp63+/	  Notch1-­‐ICD+	  basal	  cells	  are	  
initiating	  a	  differentiation	  program	  into	  secretory	  cells	  that	  they	  are	  unable	  to	  complete,	  
perhaps	  due	  to	  their	  inability	  to	  fully	  silence	  the	  Krt5+	  basal	  cell	  program.	  
	   Parabasal	  cells	  are	  differentiation	  intermediates	  between	  basal	  cells	  and	  luminal	  
cells.	  They	  no	  longer	  express	  Trp63,	  and	  have	  initiated	  expression	  of	  the	  luminal	  cell	  
marker	  Krt8.	  Parabasal	  daughter	  cells	  sense	  contact	  with	  basal	  stem	  cells	  and	  prevent	  
expansion	  of	  the	  basal	  cell	  population.	  This	  lateral	  inhibition	  is	  mediated	  by	  Notch3	  
signaling,	  and	  relies	  on	  Notch3	  in	  parabasal	  cells	  being	  activated	  by	  Jagged	  ligands	  
expressed	  by	  basal	  cells	  (Mori	  et	  al.	  2015).	  Genetic	  deletion	  or	  pharmacological	  inactivation	  
of	  Notch3	  induces	  basal	  cell	  hyperplasia	  in	  the	  trachea,	  and	  results	  in	  Trp63-­‐/Krt5+/Krt8+	  
parabasal	  cells,	  similar	  to	  those	  observed	  in	  the	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  However,	  
analysis	  of	  Notch3-­‐ICD	  expression	  revealed	  that	  Notch3-­‐ICD	  is	  expressed	  in	  the	  Krt8+	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airway	  epithelium	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.14	  B,	  arrowheads).	  Notch3-­‐
ICD	  activation	  likely	  results	  from	  the	  high	  expression	  of	  Jag2	  in	  the	  ectopic	  basal	  cells	  (Table	  
2.2),	  but	  Notch3	  signaling	  does	  not	  appear	  to	  keep	  the	  ectopic	  basal	  cells	  in	  check	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs.	  	  
Ectopic	  basal	  cells	  do	  not	  perturb	  neuroendocrine	  or	  goblet	  cell	  lineages	  
Basal	  cell	  hyperplasia	  and	  disrupted	  Notch	  signaling	  could	  have	  effects	  on	  the	  
neuroendocrine	  and	  goblet	  cell	  epithelial	  lineages.	  Basal	  cell	  hyperplasia	  was	  accompanied	  
by	  neuroendocrine	  cell	  hyperplasia	  in	  Sox2-­‐overexpressing	  lungs	  (Gontan	  et	  al.	  2008),	  and	  
Notch	  signaling	  from	  secretory	  cells	  regulates	  the	  number	  and	  size	  of	  pulmonary	  
neuroendocrine	  bodies	  (Morimoto	  et	  al.	  2012).	  Both	  IHC	  (Figure	  2.15	  A)	  and	  qPCR	  (Figure	  
2.15	  B)	  for	  the	  neuroendocrine	  marker	  Pgp9.5	  shows	  that	  the	  appearance	  of	  ectopic	  basal	  
cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  does	  not	  affect	  the	  overall	  development	  of	  
neuroendocrine	  cells.	  Muc5ac-­‐expressing	  goblet	  cells	  are	  restricted	  to	  the	  basal-­‐cell	  
containing	  extralobar	  airways	  in	  healthy	  wild-­‐type	  mice,	  but	  become	  hyperplastic	  in	  the	  
intralobar	  airways	  upon	  induction	  of	  Notch	  signaling.	  IHC	  for	  Muc5ac	  did	  not	  reveal	  an	  
increase	  in	  the	  goblet	  cell	  lineage	  in	  Shhcre:Ezh2flox/flox	  mutant	  intralobar	  airways	  (Figure	  2.15	  
C).	  These	  data	  indicate	  that	  differentiation	  of	  other	  proximal	  epithelial	  lineages	  associated	  
with	  basal	  cells	  and	  Notch	  signaling,	  including	  neuroendocrine	  and	  goblet	  cells,	  was	  not	  
affected	  by	  loss	  of	  Ezh2	  or	  the	  secretory	  lineage,	  nor	  by	  basal	  cell	  hyperplasia.	  
Ezh2	  is	  not	  required	  in	  mature	  secretory	  club	  cells	  for	  homeostasis	  or	  regeneration	  
Although	  Ezh2	  expression	  decreases	  in	  late	  development	  and	  is	  expressed	  at	  lower	  levels	  in	  
secretory	  cells	  than	  in	  ciliated	  cells	  (Figure	  2.1	  A	  and	  B	  and	  Figure	  2.2	  B),	  our	  findings	  that	  
Ezh2	  is	  critical	  for	  prenatal	  development	  of	  secretory	  cells	  led	  us	  to	  investigate	  whether	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there	  is	  a	  postnatal	  requirement	  for	  secretory	  cell	  development.	  Secretory	  club	  cells	  are	  the	  
repopulating	  progenitor	  lineage	  of	  the	  rodent	  intralobar	  airways	  during	  homeostasis	  and	  
regeneration	  (Rawlins	  et	  al.	  2007;	  Rawlins	  et	  al.	  2009b).	  Ezh2,	  which	  is	  transcriptionally	  
regulated	  by	  cell	  cycle	  genes	  (Bracken	  et	  al.	  2003),	  could	  be	  transiently	  expressed	  as	  club	  
cells	  divide	  and	  differentiate.	  We	  tested	  whether	  Ezh2	  was	  required	  for	  club	  cell	  
homeostasis	  or	  regeneration	  after	  injury	  by	  generating	  Scgb1a1cre:Ezh2flox/flox	  mice.	  The	  
Scgb1a1cre	  line	  efficiently	  deletes	  genes	  in	  the	  Scgb1a1+	  club	  cells	  and	  their	  progeny	  
beginning	  at	  around	  birth	  in	  the	  lung	  airway	  epithelium	  (Li	  et	  al.	  2012).	  
Scgb1a1cre:Ezh2flox/flox	  mice	  appeared	  normal	  and	  healthy	  and	  did	  not	  exhibit	  any	  obvious	  
defects	  in	  Scgb1a1+	  club	  cell	  homeostasis	  (Figure	  2.16	  A).	  In	  order	  to	  induce	  a	  more	  
profound	  regeneration	  requirement	  for	  Scgb1a1+	  club	  cells,	  we	  used	  an	  injury	  model	  of	  
naphthalene	  injection	  to	  deplete	  the	  club	  cell	  lineage	  and	  induce	  a	  rapid	  and	  robust	  
regenerative	  response	  by	  club	  cells	  (Wang	  et	  al.	  2013).	  However,	  we	  did	  not	  find	  a	  
significant	  difference	  in	  the	  ability	  of	  the	  secretory	  cells	  to	  regenerate	  in	  
Scgb1a1cre:Ezh2flox/flox	  mice	  in	  comparison	  to	  control	  animals	  (Figure	  2.16	  B).	  Furthermore,	  
we	  did	  not	  see	  expression	  of	  the	  basal	  cell	  markers	  Trp63	  or	  Krt5	  in	  Scgb1a1cre:Ezh2flox/flox	  
intralobar	  airways	  at	  homeostasis	  or	  during	  epithelial	  regeneration	  following	  naphthalene	  
injury.	  These	  data	  indicate	  that	  while	  Ezh2	  is	  required	  for	  differentiation	  into	  the	  secretory	  
cell	  lineage	  during	  development,	  this	  regulation	  appears	  to	  be	  restricted	  to	  the	  developing	  
lung	  endoderm	  as	  postnatal	  loss	  of	  Ezh2	  does	  not	  affect	  homeostasis	  or	  regeneration	  of	  the	  
airway	  epithelium.	  
Ezh2	  is	  not	  required	  in	  tracheal	  basal	  cells	  for	  differentiation	  into	  Scgb1a1+	  club	  cells	  
Rock	  et	  al.	  showed	  that	  basal	  cells	  are	  the	  repopulating	  progenitor	  lineage	  of	  the	  trachea,	  by	  
lineage	  tracing	  using	  Krt5-­‐CreER	  (Rock	  et	  al.	  2009).	  This	  report	  showed	  that	  basal	  cells	  give	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rise	  to	  secretory	  club	  cells	  and	  ciliated	  cells	  during	  homeostasis	  and	  during	  epithelial	  injury	  
repair.	  Our	  data	  shows	  that	  basal	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  initiate	  
differentiation	  into	  Krt8+	  luminal	  cells	  but	  are	  unable	  to	  commit	  to	  a	  SSEA1+	  or	  Scgb1a1+	  
secretory	  fate,	  although	  TubbIV+	  ciliated	  cells	  are	  unaffected	  (Figure	  2.13).	  	  To	  determine	  
whether	  Ezh2	  is	  required	  for	  basal	  cell	  differentiation	  postnatally,	  we	  generated	  
Krt5CreER:Ezh2flox/flox	  mice.	  We	  induced	  Ezh2	  deletion	  by	  tamoxifen	  injection	  at	  postnatal	  day	  
4,	  and	  analyzed	  the	  tracheae	  at	  postnatal	  day	  28,	  as	  the	  basal	  cell	  lineage	  is	  highly	  active	  as	  a	  
stem	  cell	  population	  during	  early	  postnatal	  growth	  (Rock	  et	  al.	  2009).	  These	  mice	  carry	  the	  
Rosa-­‐mTmG	  lineage	  trace	  reporter	  (Muzumdar	  et	  al.	  2007)	  to	  label	  induced	  cells	  and	  their	  
progeny	  with	  membrane-­‐bound	  GFP.	  We	  found	  that	  both	  the	  control	  and	  
Krt5CreER:Ezh2flox/flox	  mutant	  tracheae	  contained	  GFP-­‐labeled	  basal	  cells	  and	  GFP-­‐labeled	  
Scgb1a1+	  secretory	  differentiated	  progeny	  (Figure	  2.17).	  These	  data	  show	  that	  Ezh2	  is	  not	  
required	  for	  postnatal	  tracheal	  basal	  cell	  self-­‐renewal	  or	  differentiation	  to	  the	  secretory	  
lineage,	  although	  PRC2	  containing	  Ezh1	  may	  compensate	  during	  postnatal	  basal	  cell	  
differentiation.	  Thus,	  our	  model	  for	  Ezh2	  function	  is	  action	  in	  proximal	  Sox2+	  progenitors	  
during	  development	  to	  restrict	  basal	  cell	  transcriptional	  programs	  that	  allow	  basal	  cell	  
development	  and	  suppress	  secretory	  club	  cell	  development	  (Figure	  2.18).	  
Alveolar	  defects	  include	  altered	  signaling	  pathway	  gene	  expression	  in	  distal	  airways	  
The	  proximal	  airway	  developmental	  defects	  are	  unlikely	  to	  result	  in	  immediate	  postnatal	  
respiratory	  distress.	  We	  examined	  the	  distal	  airways	  for	  evidence	  of	  defective	  
alveolarization	  associated	  that	  can	  result	  from	  the	  reduced	  lung	  size	  we	  previously	  noted	  
(Figure	  2.3	  A).	  Analysis	  of	  E18.5	  lung	  sections	  by	  HE	  staining	  shows	  fewer	  and	  simplified	  
alveoli	  with	  thickened	  interstitial	  mesenchyme,	  a	  likely	  source	  of	  respiratory	  failure	  (Figure	  
2.19	  A).	  We	  did	  not	  observe	  loss	  of	  either	  alveolar	  epithelial	  lineage:	  Pdpn+	  Type	  I	  alveolar	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epithelial	  cells	  (AEC)	  that	  spread	  across	  the	  alveolar	  surface	  mediate	  gas	  exchange,	  and	  
Type	  II	  AEC	  that	  secrete	  surfactant	  protein	  C	  (SP-­‐C)	  surfactant	  to	  prevent	  alveolar	  collapse	  
(Figure	  2.19	  A).	  
	   Examination	  of	  distal	  epithelial	  gene	  expression	  revealed	  little	  change	  in	  most	  
markers	  of	  these	  cells	  including	  distal	  epithelial	  progenitor	  markers	  Sox9,	  Foxp2,	  and	  Id2,	  
Type	  II	  AEC	  markers	  SP-­‐C	  and	  surfactant	  protein	  B	  (SP-­‐B),	  and	  Type	  I	  AEC	  marker	  Aqp5	  
(Figure	  2.19	  B).	  However,	  the	  microarray	  data	  did	  reveal	  increased	  expression	  of	  several	  
cyclin-­‐dependent	  kinase	  inhibitors,	  as	  well	  as	  alterations	  in	  signaling	  pathways	  such	  as	  Shh,	  
Dkk1,	  Lef1,	  and	  Tgfb2	  (Table	  2.3).	  Despite	  these	  signaling	  pathway	  abnormalities,	  HE	  and	  
IHC	  for	  the	  distal	  airway	  progenitor	  marker	  Sox9	  did	  not	  reveal	  dramatic	  patterning	  
abnormalities	  in	  the	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  However,	  in	  situ	  hybridization	  
(ISH)	  shows	  a	  sharp	  decrease	  in	  Shh	  expression	  in	  distal	  airways	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  in	  comparison	  to	  Shhcre	  	  controls	  (Figure	  2.19	  C).	  This	  is	  confirmed	  by	  qPCR	  analysis	  
showing	  no	  change	  in	  Sox9	  expression	  while	  Shh	  expression	  is	  decreased	  (Figure	  2.19	  D).	  
Shh	  is	  required	  for	  distal	  lung	  development,	  and	  reduced	  Shh	  expression	  alone	  can	  account	  
for	  dilated	  alveoli	  (Miller	  et	  al.	  2004).	  However,	  reduced	  Shh	  expression	  is	  unlikely	  to	  be	  a	  
direct	  effect	  of	  losing	  Ezh2-­‐mediated	  transcriptional	  repression.	  
Ezh2	  target	  genes	  are	  ectopically	  expressed	  in	  distal	  airways	  of	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  
	   To	  determine	  how	  Ezh2	  loss	  results	  in	  Shh	  reduction,	  we	  looked	  for	  candidate	  direct	  
targets	  of	  Ezh2	  that	  are	  ectopically	  expressed	  in	  the	  distal	  airway.	  The	  microarray	  data	  
included	  ectopic	  expression	  of	  Pax2	  (Table	  2.3),	  and	  ISH	  revealed	  Pax2	  localization	  to	  distal	  
airways	  (Figure	  2.20	  A).	  Expression	  was	  also	  confirmed	  by	  qPCR	  (Figure	  2.20	  D).	  ChIP-­‐qPCR	  
	   	   	  39	  
assays	  for	  the	  Ezh2-­‐associated	  chromatin	  mark	  H3K27me3	  revealed	  a	  strong	  association	  of	  
this	  mark	  with	  the	  Pax2	  promoter	  in	  wild-­‐type	  lungs,	  indicating	  that	  Pax2	  is	  a	  direct	  target	  
of	  Ezh2/PRC2	  repression	  (Figure	  2.20	  B).	  Pax2	  promoter	  luciferase	  assays	  show	  that	  the	  
Pax2	  promoter	  is	  strongly	  induced	  by	  transcription	  factors	  present	  in	  the	  distal	  airway	  
epithelium,	  including	  Sox9,	  TTF1/Nkx2.1,	  HNF3alpha/Foxa1,	  HNF3beta/Foxa2,	  and	  Gata6	  
(Wan	  et	  al.	  2005;	  Morrisey	  and	  Hogan	  2010;	  Herriges	  and	  Morrisey	  2014).	  Moreover,	  a	  
direct	  target	  of	  Pax2,	  Pou3f3/Brn1	  (Bouchard	  et	  al.	  2005),	  was	  also	  up-­‐regulated	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Table	  2.3	  and	  Figure	  2.20	  D).	  Importantly,	  Pax2	  and	  Brn1	  
contribute	  to	  Fgf	  signaling	  in	  midbrain	  and	  hindbrain	  development	  (Bouchard	  et	  al.	  2005),	  
and	  ectopic	  expression	  of	  these	  transcription	  factors	  in	  the	  distal	  airways	  could	  directly	  or	  
indirectly	  dysregulate	  signaling	  pathway	  gene	  expression.	  These	  data	  suggest	  that	  de-­‐
repression	  and	  ectopic	  expression	  of	  exogenous	  transcription	  factors	  in	  the	  distal	  
epithelium	  may	  disrupt	  normal	  gene	  expression	  patterns	  and	  inhibit	  proper	  distal	  epithelial	  
development	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  (Figure	  2.21).	  
Discussion	  
The	  epigenetic	  factors	  that	  help	  to	  pattern	  the	  lung	  epithelium	  are	  poorly	  understood.	  We	  
show	  that	  Ezh2	  is	  required	  to	  restrict	  the	  basal	  cell	  lineage,	  an	  important	  stem	  cell	  
population	  in	  the	  adult	  airways.	  Normally	  in	  the	  mouse	  respiratory	  system,	  Trp63+	  basal	  
cells	  are	  only	  found	  lining	  the	  trachea	  and	  main	  stem	  bronchi.	  Loss	  of	  Ezh2	  early	  in	  mouse	  
lung	  endoderm	  development	  results	  in	  the	  ectopic	  formation	  of	  Trp63+	  basal	  cells	  
extending	  more	  distally	  into	  the	  developing	  lungs	  including	  all	  the	  way	  to	  the	  
bronchioalveolar	  junction.	  Ectopic	  Trp63+	  basal	  cells	  form	  as	  early	  as	  E12.5	  in	  the	  lung	  
airways,	  and	  are	  coincident	  with	  a	  defect	  in	  secretory	  cell	  differentiation.	  Secretory	  cells	  are	  
displaced	  by	  Trp63-­‐/Krt5+	  luminal	  cells	  that	  resemble	  secretory	  cells	  in	  their	  domed	  shape	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but	  lack	  markers	  of	  differentiated	  secretory	  cells.	  However,	  postnatal	  intralobar	  secretory	  
club	  cells	  do	  not	  require	  Ezh2	  to	  repopulate	  the	  airways	  after	  injury,	  and	  postnatal	  tracheal	  
basal	  cells	  do	  not	  require	  Ezh2	  to	  differentiate	  into	  club	  cells.	  These	  data	  indicate	  that	  Ezh2	  
regulates	  the	  spatial	  patterning	  of	  basal	  cells	  within	  the	  developing	  lung	  and	  that	  it	  is	  also	  
critical	  for	  secretory	  cell	  differentiation	  prenatally.	  	  
	   Basal	  cells	  are	  the	  repopulating	  stem	  cell	  population	  in	  the	  postnatal	  trachea,	  
differentiating	  into	  and	  replenishing	  the	  secretory	  club	  cell	  lineage	  (Rawlins	  et	  al.	  2009b;	  
Rock	  et	  al.	  2009).	  The	  Trp63-­‐/Krt5+	  cells	  with	  club	  cell	  morphology	  suggests	  that	  the	  
Shhcre:Ezh2flox/flox	  ectopic	  basal	  cells	  are	  attempting	  to	  differentiate	  into	  club	  cells	  but	  are	  
unable	  to	  fully	  silence	  the	  basal	  cell	  program	  even	  after	  a	  reduction	  in	  Trp63	  expression.	  
Interestingly,	  Scgb1a1+	  club	  cells	  are	  known	  to	  generate	  multi-­‐ciliated	  cells	  in	  the	  adult	  
lung	  (Rawlins	  et	  al.	  2009b).	  Our	  data	  shows	  that	  the	  TubbIV+	  multi-­‐ciliated	  lineage	  is	  not	  
affected	  upon	  loss	  of	  Ezh2	  whereas	  the	  Scgb1a1+	  club	  cell	  lineage	  is,	  suggesting	  that	  that	  
these	  two	  lineages	  may	  arise	  independently	  from	  a	  common	  Sox2+	  progenitor	  during	  
development.	  
	   While	  the	  mouse	  remains	  an	  important	  model	  of	  lung	  and	  trachea	  development,	  
there	  are	  distinct	  differences	  between	  the	  mouse	  and	  human	  airways.	  One	  of	  these	  
differences	  is	  in	  the	  distribution	  of	  Trp63+	  basal	  cells,	  which	  are	  found	  only	  in	  the	  trachea	  
and	  main	  stem	  bronchi	  of	  rodent	  lungs.	  Human	  bronchioles,	  in	  contrast,	  do	  contain	  basal	  
cells	  down	  the	  length	  of	  the	  Sox2+	  airway	  epithelium,	  more	  closely	  resembling	  the	  mouse	  
trachea	  than	  the	  mouse	  intralobar	  airways	  in	  this	  respect.	  Our	  studies	  show	  that	  loss	  of	  
Ezh2	  in	  mouse	  lung	  development	  leads	  to	  the	  ectopic	  formation	  of	  Trp63+	  basal	  cells	  that	  
underlie	  almost	  the	  entire	  airway	  all	  the	  way	  to	  the	  bronchioalveolar	  junction.	  Interestingly,	  
Trp63+	  cells	  were	  not	  found	  in	  the	  alveolar	  region,	  suggesting	  that	  Ezh2	  restricts	  the	  basal	  
cell	  lineage	  only	  in	  the	  Sox2+	  proximal	  airway	  endoderm	  progenitor	  population.	  Together,	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these	  data	  indicate	  that	  Ezh2	  regulates	  the	  spatial	  patterning	  of	  the	  basal	  cell	  lineage	  in	  the	  
mouse	  lung.	  
	   Additionally,	  basal	  cell-­‐containing	  human	  bronchioles	  are	  ringed	  by	  cartilage,	  and	  
the	  smallest	  bronchioles	  are	  similar	  in	  diameter	  to	  the	  mouse	  trachea	  and	  bronchi.	  Because	  
basal	  cell	  development	  correlates	  with	  a	  minimum-­‐diameter	  airway	  ringed	  by	  cartilage	  in	  
human	  and	  rodent	  airways,	  it	  was	  previously	  thought	  that	  respiratory	  basal	  cells	  were	  
specified	  by	  these	  niche	  cues	  (Rock	  et	  al.	  2010;	  Rock	  and	  Hogan	  2011).	  Supporting	  this	  
model,	  Trp63+	  basal	  cells	  are	  enriched	  on	  the	  side	  of	  the	  trachea	  that	  developed	  
cartilaginous	  rings	  during	  development,	  and	  loss	  of	  cartilage	  in	  the	  mesenchyme	  leads	  to	  a	  
loss	  of	  Trp63+	  basal	  cells	  in	  favor	  of	  secretory	  club	  cell	  development	  (Hines	  et	  al.	  2013).	  
While	  mesenchymal-­‐epithelial	  cross-­‐talk	  regulates	  basal	  cell	  development,	  our	  data	  
indicates	  an	  endoderm-­‐intrinsic	  role	  for	  Ezh2	  and	  PRC2	  acting	  as	  a	  critical	  integrator	  of	  the	  
basal	  cell	  differentiation	  program.	  
	   Ezh2	  is	  also	  required	  to	  restrict	  expression	  of	  Pax9	  to	  the	  Sox2+/Nkx2.1-­‐	  
esophageal	  epithelium,	  which	  also	  contains	  basal	  cells	  expressing	  Trp63,	  Krt5,	  Krt14,	  and	  
Pdpn.	  Loss	  of	  Ezh2	  results	  in	  ectopic	  expression	  of	  both	  Trp63	  and	  Pax9	  in	  the	  Sox2+	  
airway	  epithelium	  starting	  as	  early	  as	  E12.5.	  This	  spatiotemporal	  link	  between	  Trp63	  and	  
Pax9	  expression	  in	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs,	  combined	  with	  their	  co-­‐expression	  in	  
wild-­‐type	  esophageal	  epithelium,	  suggests	  that	  these	  two	  genes	  may	  be	  co-­‐regulated.	  The	  
promoter	  of	  Pax9,	  but	  not	  Trp63,	  is	  decorated	  by	  Ezh2’s	  histone	  mark	  H3K27me3,	  
suggesting	  that	  Ezh2	  directly	  represses	  Pax9	  but	  has	  indirect	  effects	  on	  Trp63	  expression.	  
We	  find	  that	  Pax9	  and	  dNp63alpha,	  the	  basal	  cell-­‐associated	  Trp63	  isoform,	  do	  not	  strongly	  
induce	  each	  others’	  promoters	  in	  vitro.	  However,	  Pax9	  transgenic	  overexpression	  in	  airway	  
development	  does	  result	  in	  ectopic	  Trp63+	  basal	  cell	  development.	  Together,	  these	  data	  
	   	   	  42	  
show	  that	  Pax9	  expression	  indirectly	  induces	  Trp63	  expression,	  either	  in	  a	  cell-­‐autonomous	  
or	  non-­‐cell-­‐autonomous	  manner.	  
	   The	  finding	  of	  Krt5+/Krt8+	  luminal	  cells	  that	  do	  not	  express	  other	  markers	  of	  the	  
basal	  lineage	  (Trp63,	  Krt14,	  Pdpn)	  and	  do	  not	  express	  markers	  of	  the	  mature	  secretory	  cell	  
lineage	  (SSEA1,	  Scgb1a1)	  nor	  other	  lineages	  (TubbIV,	  Pgp9.5,	  Muc5ac)	  suggests	  that	  Ezh2	  
also	  regulates	  the	  differentiation	  of	  secretory	  cells	  during	  lung	  development.	  At	  least	  two	  
possible	  scenarios	  could	  underlie	  such	  regulation.	  First,	  Ezh2	  may	  restrict	  the	  basal	  cell	  
lineage	  in	  Sox2+	  proximal	  endoderm	  progenitors	  and	  shunt	  these	  progenitors	  instead	  
toward	  the	  secretory	  lineage.	  The	  absence	  of	  proliferative	  advantage	  by	  the	  Trp63+	  cells	  
relative	  to	  the	  Trp63-­‐/Sox2+	  epithelium,	  combined	  with	  no	  difference	  in	  cell	  death,	  does	  
suggest	  a	  direct	  conversion	  of	  Sox2+/Trp63-­‐	  cells	  to	  Sox2+/Trp63+	  cells	  as	  development	  
progresses.	  Second,	  the	  ectopic	  development	  of	  basal	  cells	  may	  offer	  a	  different	  mode	  of	  
generating	  secretory	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  but	  these	  cells	  cannot	  fully	  
differentiate	  and	  appear	  to	  be	  caught	  in	  between	  the	  basal	  and	  secretory	  cell	  fates.	  The	  
presence	  of	  Notch1-­‐ICD	  in	  Trp63+	  basal	  cells	  indicates	  that	  these	  cells	  have	  received	  a	  
differentiation	  cue	  toward	  the	  secretory	  cell	  lineage,	  and	  the	  co-­‐expression	  of	  Krt8	  in	  the	  
Krt5+/Trp63-­‐	  luminal	  cells	  shows	  that	  some	  of	  the	  ectopic	  basal	  cells	  have	  initiated	  luminal	  
differentiation	  despite	  not	  acquiring	  lineage-­‐specific	  markers.	  There	  is	  extensive	  evidence	  
that	  basal	  cells	  both	  self-­‐renew	  as	  well	  as	  differentiate	  into	  secretory	  and	  ciliated	  cells	  in	  the	  
adult	  trachea,	  and	  that	  differentiation	  to	  the	  secretory	  lineage	  requires	  Notch	  signaling	  
(Rock	  et	  al.	  2009;	  Rock	  et	  al.	  2011;	  Mori	  et	  al.	  2015;	  Pardo-­‐Saganta	  et	  al.	  2015a).	  These	  data	  
suggest	  that	  ectopic	  basal	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  are	  initiating	  differentiation	  
to	  the	  secretory	  lineage,	  but	  are	  unable	  to	  fully	  silence	  the	  basal	  cell	  program	  and	  initiate	  
secretory	  club	  cell	  gene	  expression.	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   There	  is	  now	  data	  showing	  that	  secretory	  cells	  and	  basal	  cells	  can	  interconvert	  their	  
fates.	  Tracheal	  basal	  cells	  repopulate	  the	  airway	  lumen	  with	  secretory	  and	  ciliated	  cells	  
following	  sulfur	  dioxide	  inhalation	  injury	  that	  eradicates	  the	  luminal	  cells	  (Rock	  et	  al.	  2009).	  
Conversely,	  secretory	  cells	  in	  the	  trachea	  can	  transition	  back	  to	  a	  basal	  cell	  identity	  upon	  
specific	  ablation	  of	  basal	  cells	  by	  diphtheria	  toxin	  expression	  in	  Krt5+	  cells	  (Tata	  et	  al.	  
2013).	  The	  Trp63-­‐/Krt5+/Krt8+	  population	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  suggests	  a	  
critical	  role	  for	  Ezh2/PRC2	  in	  regulating	  such	  an	  interconversion.	  However,	  we	  find	  that	  
secretory	  club	  cells	  do	  not	  require	  Ezh2	  to	  maintain	  their	  fate	  or	  to	  prevent	  basal	  cell	  
differentiation	  at	  homeostasis	  or	  after	  injury.	  Naphthalene	  injection	  injury	  depletes	  club	  
cells	  in	  the	  trachea	  and	  lungs,	  which	  are	  repopulated	  by	  basal	  cells	  or	  the	  few	  remaining	  
intralobar	  club	  cells,	  respectively.	  Deleting	  Ezh2	  in	  Scgb1a1-­‐expressing	  club	  cells	  or	  in	  Krt5-­‐
expressing	  tracheal	  basal	  cells	  does	  not	  abrogate	  club	  cell	  repopulation	  in	  either	  the	  trachea	  
or	  lung	  at	  homeostasis	  or	  after	  injury,	  nor	  does	  Ezh2	  loss	  in	  club	  cells	  induce	  ectopic	  basal	  
cell	  gene	  expression	  in	  intralobar	  airways.	  Thus,	  Scgb1a1-­‐expressing	  club	  cells	  and	  Krt5-­‐
expressing	  tracheal	  basal	  have	  no	  further	  requirement	  for	  Ezh2	  to	  restrict	  basal	  cell	  gene	  
expression	  and	  allow	  secretory	  club	  cell	  differentiation	  and	  regeneration.	  However,	  PRC2	  
may	  yet	  play	  a	  role	  in	  these	  processes	  via	  Ezh1,	  which	  is	  expressed	  postnatally.	  
MATERIALS	  AND	  METHODS	  
Animals	  
CD-­‐1	  mice	  (Charles	  River)	  were	  used	  for	  characterization	  of	  Ezh2	  expression	  by	  RNA-­‐seq	  
and	  Ezh2	  IHC.	  Shhcre,	  Scgb1a1cre,	  and	  Ezh2flox/flox	  mice	  and	  their	  genotyping	  have	  been	  
previously	  described	  (Su	  et	  al.	  2003;	  Harfe	  et	  al.	  2004;	  Li	  et	  al.	  2012).	  BrdU	  was	  
administered	  intraperitoneally	  30mg/g	  body	  weight	  45	  minutes	  prior	  to	  dissection.	  
Naphthalene	  was	  administered	  intraperitoneally	  as	  previously	  described	  (Li	  et	  al.	  2012),	  to	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male	  mice	  8-­‐12	  weeks	  old	  at	  a	  dose	  of	  250g/kg	  body	  weight.	  Regeneration	  was	  analyzed	  at	  
15	  days	  post-­‐injury.	  
	   To	  generate	  SFTPC-­‐Pax9	  mice,	  the	  full	  mouse	  Pax9	  coding	  region	  was	  
cloned	  downstream	  of	  the	  human	  3.7	  kb	  SFTPC	  promoter	  and	  upstream	  of	  a	  SV40	  
polyadenylation	  sequence	  as	  previously	  described	  (Tian	  et	  al.	  2011).	  The	  transgenic	  
cassette	  was	  excised	  from	  the	  resulting	  plasmid,	  purified	  and	  injected	  into	  FVBN	  fertilized	  
oocytes.	  Transgenic	  embryos	  were	  collected	  at	  E17.5	  and	  genotyped	  using	  PCR	  primers	  
listed	  in	  Table	  2.3.	  Two	  independent	  F0	  genotype-­‐positive	  animals	  were	  analyzed	  for	  these	  
studies.	  All	  animal	  procedures	  were	  performed	  in	  accordance	  with	  the	  Institute	  for	  Animal	  
Care	  and	  Use	  Committee	  at	  the	  University	  of	  Pennsylvania.	  
Microarray	  experiments	  
E14.5	  lungs	  were	  isolated	  from	  four	  Shhcre	  control	  and	  four	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  
Lungs	  were	  collected	  into	  RNAlater	  (Life	  Technologies)	  and	  stored	  overnight	  at	  4C,	  then	  
snap	  frozen	  in	  liquid	  nitrogen	  and	  stored	  at	  -­‐80C	  until	  use.	  RNA	  was	  isolated	  using	  the	  
RNeasy	  Mini	  Kit	  (QIAGEN)	  according	  to	  manufacturer’s	  protocol.	  Biotinylated	  cRNA	  probe	  
libraries	  were	  generated	  from	  these	  RNA	  samples	  and	  used	  with	  Affymetrix	  Mouse	  Gene	  
2.0ST	  arrays.	  Microarray	  data	  were	  analyzed	  using	  the	  Oligo	  package	  available	  at	  the	  
Bioconductor	  website	  (http://www.bioconductor.org).	  The	  raw	  data	  were	  background-­‐
corrected	  by	  the	  Robust	  Multichip	  Average	  (RMA)	  method	  and	  then	  normalized	  by	  an	  
invariant	  set	  method.	  Differential	  gene	  expression	  between	  the	  control	  and	  mutant	  mice	  
was	  analyzed	  by	  the	  Limma	  package	  available	  at	  the	  Bioconductor	  website.	  P	  values	  
obtained	  from	  the	  multiple	  comparison	  tests	  were	  corrected	  by	  false	  discovery	  rates.	  To	  
compare	  this	  microarray	  with	  publicly	  available	  microarray	  data	  from	  Rock	  et	  al.,	  2009	  
(Rock	  et	  al.	  2009),	  data	  were	  normalized	  by	  Variance	  Stabilization	  Transformation,	  and	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analyzed	  as	  described.	  The	  GEO	  accession	  number	  for	  the	  microarray	  data	  is	  GSE60660.	  
Quantitative	  RT-­‐PCR	  
Total	  RNA	  was	  isolated	  using	  TRIzol	  (Life	  Technologies).	  cDNA	  was	  synthesized	  using	  
Superscript	  III	  Reverse	  Transcriptase	  (Life	  Technologies)	  using	  Oligo(dT)	  primers.	  
Quantitative	  RT-­‐PCR	  was	  performed	  using	  35	  cycles	  of	  amplification	  on	  a	  7900HT	  Fast	  Real-­‐
Time	  PCR	  System	  machine,	  using	  SDS2.3	  software	  (Applied	  Biosystems).	  Gene	  expression	  
levels	  were	  normalized	  to	  Gapdh.	  Statistical	  analysis	  was	  performed	  on	  GraphPad	  Prism	  
software,	  using	  the	  one-­‐tailed	  Welch’s	  t-­‐test	  for	  unequal	  variances.	  Primers	  are	  listed	  in	  
Table	  2.4.	  
ChIP-­‐qPCR	  
Lungs	  were	  isolated	  at	  E12.5	  from	  CD-­‐1	  mice,	  and	  processed	  using	  the	  Chromatin	  
Immunoprecipitation	  kit	  (Millipore)	  according	  to	  manufacturer’s	  instructions.	  10	  lungs	  
were	  used	  per	  sample.	  Lungs	  were	  crosslinked	  for	  15	  minutes,	  and	  sonicated	  to	  an	  average	  
of	  200bp	  using	  a	  Diagenode	  Bioruptor.	  Immunoprecipitation	  was	  performed	  using	  the	  
following	  antibodies:	  rabbit	  IgG,	  rabbit	  anti-­‐Histone	  3	  (pan),	  and	  rabbit	  anti-­‐H3K27me3	  
(Millipore	  12-­‐370,	  07-­‐690,	  07-­‐449).	  ChIP	  was	  analyzed	  by	  quantitative	  real-­‐time	  PCR	  using	  
primers	  listed	  in	  Table	  2.4.	  
Histology	  
Tissues	  were	  fixed	  in	  fresh	  2%	  or	  4%	  paraformaldehyde,	  embedded	  in	  paraffin	  wax	  and	  
sectioned	  at	  a	  thickness	  of	  6-­‐8	  mm.	  Hematoxylin	  and	  Eosin	  (H&E)	  staining	  was	  performed	  
using	  standard	  procedures.	  In	  situ	  hybridization	  and	  immunohistochemistry	  were	  
performed	  as	  described	  (Wang	  and	  Morrisey	  2010;	  Tian	  et	  al.	  2011;	  Li	  et	  al.	  2012;	  Wang	  et	  
al.	  2013).	  In	  situ	  probes	  for	  Pax9	  and	  Pax2	  were	  generated	  using	  primers	  listed	  in	  Table	  2.4;	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in	  situ	  probe	  for	  Shh	  was	  developed	  by	  Andrew	  McMahon	  (Jeong	  et	  al.	  2004;	  Li	  et	  al.	  2008).	  
Immunohistochemistry	  used	  the	  antibodies	  and	  conditions	  listed	  in	  Table	  2.5.	  TUNEL	  
(Roche)	  was	  performed	  according	  to	  manufacturer’s	  directions.	  Slides	  were	  mounted	  with	  
Vectashield	  mounting	  medium	  containing	  DAPI	  (Vector	  Laboratories).	  Detailed	  protocols	  
can	  be	  found	  at	  the	  Penn	  Medicine	  Cardiovascular	  Institute	  Histology	  Core	  website:	  
http://www.pennmedicine.org/heart/research-­‐clinical-­‐trials/core-­‐facilities/histology-­‐
gene-­‐expression/#references-­‐protocols.	  PH3+	  nuclei	  were	  counted	  by	  hand	  and	  normalized	  
to	  the	  area	  of	  the	  lung	  section.	  Statistical	  analysis	  was	  performed	  on	  GraphPad	  Prism	  
software,	  using	  the	  one-­‐tailed	  Welch’s	  t-­‐test	  for	  unequal	  variances.	  P-­‐values	  greater	  than	  
0.05	  were	  considered	  to	  be	  not	  significant.	  
	  
Promoter-­‐luciferase	  assays	  
Pax9	  and	  dNp63	  promoters	  were	  cloned	  into	  the	  pGL3	  Basic	  luciferase	  reporter	  plasmid	  
(Promega)	  by	  adding	  MluI	  and	  XhoI	  sites	  in	  cloning	  primers,	  listed	  in	  Table	  2.4.	  Assays	  were	  
performed	  in	  96-­‐well	  plates	  in	  triplicate	  as	  follows:	  20,000	  HEK293	  cells	  were	  reverse	  
transfected	  using	  Fugene6	  with	  20ng	  pGL3	  promoter	  luciferase	  plasmid	  or	  pGL3	  Basic	  
luciferase	  with	  no	  promoter,	  along	  with	  200ng	  of	  an	  empty	  expression	  vector	  containing	  a	  
CMV	  promoter,	  100ng	  empty	  vector	  and	  100ng	  expression	  vector,	  or	  200ng	  expression	  
vector.	  48	  hours	  later,	  cells	  were	  lysed	  and	  analyzed	  using	  Promega’s	  Luciferase	  Assay	  
System	  and	  a	  Centro	  XS3	  LB	  960	  plate	  reader	  (Berthold).
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  Table	  2.1	  	  Gene	  ontology	  analysis	  of	  microarray	  data	  from	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  
DAVID/GO	  analysis	  of	  microarray	  data	  from	  E14.5	  Shhcre	  control	  and	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  shows	  that	  Trp63	  expression	  is	  found	  in	  the	  top	  three	  categories	  identified	  
which	  includes	  gene	  related	  to	  development.	  
	  
	   	  
Cluster(# Cluster(Description Enrichment(
Score
FDR(P7value Fold(Enrichment
Cluster(1 Homeobox,(TF(activity,(Developmental(Protein,(
Regionalization,(Anterior/Posterior(Pattern(Formation
5.424 7.35ED09 9.6
Skeletal(System(Development,(Embryonic(Morphogenesis,(
Positive(Regulation(of(Biosynthetic(Process
Embryonic(Organ(and(Skeletal(System(Development(&(
Morphogenesis,(Chordate(Embryonic(Development
Pou3f3(Tgfb2(Eya4(Lin28b(Alx1(Hoxb13(Hoxb9(Hoxb7(Hoxb6(
Ccng1(Krt17(Meox1(Pax9(Lpin1(Jag2(Isl1(Anxa11(Rec8(
Hoxc10(Hoxc9(Hoxc6(Hoxc4(Trp63(Fgf12(Runx1(Cdkn1a(Pax2(
Ovol1(Anxa1(Dkk1(Sp9(Eya2(Meis2(Zfhx4(S100a6(Notch2(
Tbx15(Psrc1(Lef1(Zmat3(Trp53inp1(Bmp8b(Cdkn2a(Trnp1(
Grhl3(En2(Hoxa1(Hoxa10(Cebpa(Pcsk6(Utf1(Dbx1(Ebf3(
Cacna1a(Nrg1(Mapkapk3(Eda2r
Cluster(2 Embryonic(Limb/Appendage(Development(&(Morphogenesis 3.346 0.0079 4.54
Proximal/Distal(Pattern(Formation
Alx1(Hoxb7(Hoxb6(Jag2(Hoxc10(Hoxc9(Hoxc4(Trp63(Pax2(
Dkk1(Notch2(Tbx15(Lef1(Hoxa1(Hoxa10
Cluster(3 Regulation(of(Cell(Growth(&(Size,(Epidermis(Development,(
Ectoderm(Development(
2.163 0.093 8.05
Positive(Regulation(of(Developmental(Process,(Positive(
Regulation(of(Multicellular(Organismal(Process
Tgfb2(Hoxb13(Krt17(Scin(Htr2a(Trp63(Runx1(Ovol1(Notch2(
Psrc1(Zmat3(Cdkn2a(Grhl3(Cacna1a(Nrg1
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  Table	  2.2	  	  Trp63-­‐associated	  genes	  upregulated	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  
Genes	  associated	  with	  Trp63-­‐expressing	  basal	  cells	  or	  squamous	  cell	  carcinomas	  are	  found	  
up-­‐regulated	  in	  the	  microarray	  analysis.	  	  
	  
	  
	  	   	  
symbol foldchange adj_pvalue
Trp63 1.63 1.49E-03
Jag2 1.34 2.47E-02
Itgb4 1.44 9.8E-03
Krt15 4.11 5.5E-05
Krt4 2.33 1.0E-05
Krt17 2.25 1.0E-02
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Table	  2.3	  	  Transcriptional	  changes	  in	  signaling	  pathways	  involved	  in	  distal	  airway	  
development	  
Genes	  from	  microarray	  that	  may	  contribute	  to	  alveolar	  phenotype,	  including	  cyclin-­‐
dependent	  kinase	  inhibitors	  and	  signaling	  pathways	  important	  for	  lung	  morphogenesis:	  
Shh,	  Wnt,	  Fgf,	  Tgfb.	  Microarray	  also	  reveals	  ectopic	  expression	  of	  Pax2	  and	  its	  direct	  
transcriptional	  target	  Brn1.	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Table	  2.4	  	  Primers	  for	  qPCR,	  ChIP-­‐qPCR,	  and	  cloning	  
	  
	  
	  	   	  
Gene Forward Reverse Application
Aqp5 ATGAACCCAGCCCGATCTTT ACGATCGGTCCTACCCAGAAG qRT-PCR
Brn1 CTAGCGGAGAGGGCACAAAA TAGCGGCGGAATCTTTAGGC qRT-PCR
Foxj1 CATCTACAAGTGGATCACGGAC GAGCAGGCGCTCTGCGTACTG qRT-PCR
Foxp2 GCCAGGCTGTGAAAGCATATGTGA CATTTGCACTCGACATTGGGCAGT qRT-PCR
Id2 ACCCTGAACACGGACATCAGCAT GCCACAGAGTACTTTGCTATCATTCG qRT-PCR
Keratin 14 GGCCCACTGAGATCAAAGACTACA GATCTGCAGGAGGACATTGGCATT qRT-PCR
Keratin 5 GACCCTCAACAACAAGTTTGCCTCCT ACTTGGTGTCCAGGACCTTGTTCT qRT-PCR
Pax2 ATATGCACTGCAAAGCAGACCC GCCGGCCGTTCACAAACA qRT-PCR
Pax9 TCTTTCTGGGAGTGCGGAAC GCTGATGTCACAAGGTCGGA qRT-PCR
Pdpn CAGGGAGGGACTATAGGCGT TCCTCTAAGGGAGGCTTCGT qRT-PCR
Pgp9.5 GCCAACAACCAAGACAAGCTGGAA TGGCCTCGTTCTTCTCGAAACACT qRT-PCR
Scgb1a1 ATACCCTCCCACAAGAGACCAGGATA ACACAGGGCAGTGACAAGGCTTTA qRT-PCR
Scgb3a2 GCTGGTATCTATCTTTCTGCTGGTG ACAACAGGGAGACGGTTGATGAGA qRT-PCR
Sftpb/Spb TAGCCCTCTGCAGTGCTTCCAAA AGCTGGGACATACAGACTGACACA qRT-PCR
Sftpc/Spc ACCCTGTGTGGAGAGCTACCA TTTGCGGAGGGTCTTTCCT qRT-PCR
Shh AAGTACGGCATGCTGGCTCGG GCCACGGAGTTCTCTGCTTTCACAG qRT-PCR
Sox9 AGACCAGTACCCGCATCTGCACAA TCTCTTCTCGCTCTCGTTCAGCA qRT-PCR
Trp63 ATGTGTCCTTCCAGCAGTCAAGCA CTTGATCTGGATGGGGCATGTCTTC qRT-PCR
Trp63 C-terminal alpha tail TGGCTGGAGACATGAATGGAC GATAGATGGTGGTCAGCCCC qRT-PCR
Tubb4 AACCCGGCACCATGGACTCTGT TGCCTGCTCCGGATTGACCAAATA qRT-PCR
dNp63 promoter -0.4kb AACAACTTCGTGTCCTGCCT TGTCTGGTGGGGGTGGTAG ChIP-qPCR
dNp63 promoter -1kb AGAGAAAACTGTGCTGCGGA GCACATTCCATCTTTCCTACGC ChIP-qPCR
dNp63 promoter -1.5kb CAACTGTGCAGGGCCTTCTA CGAGCACACGGAACTGTTAC ChIP-qPCR
Pax9 promoter near TSS GAGTGATAGACTGAGCCGCC GGGCTGAAAGAGGCTTGAGT ChIP-qPCR
Pax9 promoter - 800bp GTTGCCCTGGGTCTCTCTTC ACGTCTCAAAACAAGCTGCG ChIP-qPCR
Pax2 promoter -0.5kb CCCGGGGATTGCTACTTCTC TAGGGAAGACGGCTCACTCA ChIP-qPCR
Pax2 promoter -2kb TCAGGAGCTGCAGACAACAC AAACACAGCTTTCTTGCCCG ChIP-qPCR
Pdpn promoter GACTATCGGCCACTCACCTG CTCTTGCCGATACCCACTCC ChIP-qPCR
Krt5 promoter TTGAGTCCTTCGCTGTGCAA AGGGAGCCTTTCTGGTCTGA ChIP-qPCR
Krt14 promoter CATTCCCCTTGGCTTTCATCACT CTGATCGGGAGTTGGCGCT ChIP-qPCR
GAPDH promoter TACTCGCGGCTTTACGGG TGGAACAGGGAGGAGCAGAGAGCA ChIP-qPCR
Chromosome 6 gene desert GGTAGTGCCTAGTGTTTCTCTAAG GGTAGACCTGACAAGAGATGAATAG ChIP-qPCR
Pax2 CCGGAATTCATGGATATGCACTGCAAAGCAGA CCGCTCGAGTCAGACGGGGACGATGTGGAGGCCG ISH probe
Pax9 ATGGAGCCAGCCTTCGGGGAG TCAGAGTGCAGAAGCGGTCA ISH probe
Pax9 GTACTGCTCAGAGCAATGGAGCCAGCCTTC
TCACAGATCCTCTTCAGAGATGAGTTTCTGCTC
GAGTGCAGAAGCGGTCACAGAATGGC
subcloning cDNA 
for Sftpc:Pax9
SFTPC Pax9 CCTCTCCCTACGGACACATATAAG TTGTCCAATTATGTCACACCACAG genotyping PCR
dNp63 promoter cloning GACGCGTCCATGCAGAGTTGGGGGATCA CCTCGAGTCTGCTTCCAGGGTTTTGCC promoter luciferase
Pax2 promoter cloning GACGCGTCGAGAAGACCCCAGCGAACAA CTCGAGGTTGGAACCGAGACAGGAG promoter luciferase
Pax9 promoter cloning GACGCGTCGGGTACGGGAAGGAGTCTCT CCTCGAGGCCATCAGCCACTCACCCATT promoter luciferase
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Table	  2.5	  	  List	  of	  antibodies	  used	  for	  immunohistochemistry	  
PC/BE:	  Pressure	  cooker	  and	  Bull’s	  Eye	  Decloaker	  (Biocare	  Medical).	  
	  
	   	  
Antibody Pretreatment Dilution Resource Catalog# Species
Beta-Tubulin IV (Tubb4) PC/BE 1:20 BioGenex MU178-UC Mouse
BrdU PC/BE 1:100 Abcam ab6326 Rat
CC 10 (Scgb1a1) PC/BE 1:20 Santa Cruz sc-9772 Goat
Ezh2 PC/BE 1:100 CellSignaling 5246 Rabbit
GFP PC/BE 1:1000 Aves GFP-1020 Chicken
Keratin 14 PC/BE 1:1000 Covance PRB-155P Rabbit
Keratin 15 PC/BE 1:100 Covance PCK-153P Chicken
Keratin 5 PC/BE 1:1500 Covance PRB-160P Rabbit
Keratin 8 PC/BE 1:250 Covance MMS-162P Mouse
Mucin5AC PC/BE 1:100 Abcam ab3649 Mouse
NGFR PC/BE 1:50 Abcam ab8875 Rabbit
Notch1, Cleaved Val1744 PC/BE 1:100 Abcam ab52301 Rabbit
Notch3 (M-134) PC/BE 1:50 Santa Cruz sc-5593 Rabbit
p63 (4A4) PC/BE 1:10 Santa Cruz sc-8431 Mouse
p63 (D-9) PC/BE 1:50 Santa Cruz sc-25268 Mouse
p63 (H-137) PC/BE 1:200 Santa Cruz sc-8343 Rabbit
Pgp9.5 PC/BE 1:200 AnaSpec, Inc 53772 Rabbit
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Figure	  2.1	  	  Expression	  of	  Ezh2	  during	  lung	  development	  
(A)	  RNA-­‐seq	  data	  comparing	  FPKM	  values	  for	  Ezh2	  in	  E12.5	  and	  adult	  lungs.	  (B)	  IHC	  for	  
Ezh2	  during	  different	  stages	  of	  lung	  development.	  White	  dotted	  outline	  shows	  separation	  
between	  developing	  lung	  endoderm	  and	  surrounding	  mesoderm.	  Yellow	  dotted	  line	  
highlights	  the	  esophagus	  (E).	  Note	  decrease	  in	  Ezh2	  expression	  in	  both	  the	  endoderm	  and	  
mesoderm	  as	  development	  progresses.	  Scale	  bar:	  E9.5,	  E14.5-­‐E18.5	  =	  20um;	  E10.5	  and	  
E12.5	  =	  50um.	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Figure	  2.2	  	  Expression	  of	  Ezh2	  becomes	  restricted	  during	  late	  lung	  development	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Figure	  2.2	  	  Expression	  of	  Ezh2	  becomes	  restricted	  during	  late	  lung	  development.	  
(A)	  IHC	  for	  Ezh2,	  proximal	  airway	  epithelium	  marker	  Sox2,	  and	  distal	  epithelium	  marker	  
Sox9	  at	  E14.5	  and	  E16.5.	  Note	  that	  Ezh2	  appears	  in	  both	  Sox2	  and	  Sox9-­‐positive	  epithelium	  
at	  these	  stages.	  (B)	  IHC	  for	  Ezh2	  and	  mature	  proximal	  epithelium	  markers	  Scgb1a1	  and	  
TubbIV.	  Note	  that	  Ezh2	  is	  more	  highly	  expressed	  in	  TubbIV-­‐positive	  multi-­‐ciliated	  cells	  than	  
in	  Scgb1a1-­‐positive	  club	  cells.	  Scale	  bar:	  E14.5	  and	  E16.5	  =	  100um;	  E16.5	  inset	  and	  E18.5	  =	  
20um.	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Figure	  2.3	  	  Loss	  of	  Ezh2	  in	  the	  developing	  lung	  endoderm	  leads	  to	  reduced	  secretory	  
cell	  differentiation	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Figure	  2.3	  	  Loss	  of	  Ezh2	  in	  the	  developing	  lung	  endoderm	  leads	  to	  reduced	  secretory	  
cell	  differentiation.	  
(A)	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  appear	  smaller	  than	  their	  control	  littermates	  at	  E18.5.	  (B)	  
IHC	  for	  Scgb1a1	  and	  TubbIV	  reveals	  decreased	  Scgb1a1+	  secretory	  cells	  in	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  at	  E18.5.	  (C)	  Scgb3a2	  IHC	  shows	  reduced	  expression	  and	  thus	  reduced	  
secretory	  cell	  differentiation	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  (D)	  SSEA1	  IHC	  shows	  
reduced	  expression	  and	  thus	  reduced	  secretory	  cell	  differentiation	  in	  Shhcre:Ezh2flox/flox	  
mutant	  lungs.	  (E	  and	  F)	  qPCR	  for	  secretory	  and	  ciliated	  epithelial	  lineages	  in	  control	  and	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5.	  Scale	  bars	  =	  50um.	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Figure	  2.4	  	  Transcriptome	  analysis	  indicates	  ectopic	  basal	  cell	  formation	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  
(A)	  Comparison	  between	  two	  previously	  published	  microarray	  analyses	  of	  mouse	  tracheal	  
basal	  cells	  shows	  significant	  overlap	  between	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  and	  tracheal	  
basal	  cells.	  (B)	  Pan-­‐Trp63	  and	  Trp63-­‐alpha	  isoforms	  are	  both	  up-­‐regulated	  as	  determined	  
by	  qPCR	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  (C)	  IHC	  for	  Trp63	  in	  control	  and	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  Note	  Trp63+	  cells	  lining	  the	  entire	  airways	  of	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  (dotted	  lines);	  outside	  the	  dotted	  lines	  is	  non-­‐specific	  signal	  
from	  blood	  cells.	  Scale	  bars	  =	  100um.	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Figure	  2.5	  	  Expression	  of	  basal	  cell	  markers	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	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Figure	  2.5	  Expression	  of	  basal	  cell	  markers	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  
(A)	  IHC	  for	  Trp63,	  Krt5,	  Krt14,	  and	  Pdpn,	  and	  ISH	  for	  Pax9	  expression	  patterns	  at	  E16.5	  in	  
control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  Dotted	  lines	  outline	  the	  airways	  of	  each	  lung,	  and	  
bottom	  row	  (inset)	  shows	  higher	  magnification	  of	  basal	  cells	  expressing	  the	  respective	  
markers.	  Note	  expression	  of	  Krt5	  throughout	  the	  airway	  epithelium	  of	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  including	  dome-­‐shaped	  cells	  protruding	  into	  the	  lumen	  while	  Krt14	  and	  Pdpn	  
are	  restricted	  to	  basal	  cells	  in	  these	  mutants.	  (B)	  qPCR	  confirming	  increased	  expression	  of	  
Krt5,	  Krt14,	  Pdpn,	  and	  Pax9	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E16.5.	  (C)	  ChIP-­‐qPCR	  for	  
H3K27me3	  occupancy	  of	  basal	  cell	  gene	  promoters	  in	  wild-­‐type	  lungs	  at	  E12.5.	  Note	  that	  
the	  Pax9	  promoter	  but	  not	  the	  dNp63	  promoter	  is	  enriched	  for	  H3K27me3	  relative	  to	  the	  
active	  GAPDH	  promoter.	  Scale	  bars	  =	  100um.	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Figure	  2.6	  	  Enforced	  expression	  of	  Pax9	  in	  airways	  induces	  Trp63+	  basal	  cell	  
development	  
(A)	  Transgenic	  over-­‐expression	  of	  the	  Pax9	  cDNA	  and	  ectopic	  appearance	  of	  Trp63+	  cells	  in	  
the	  airways	  in	  SFTPC-­‐Pax9	  transgenic	  lungs	  at	  E17.5.	  (B)	  Decreased	  Scgb1a1	  expression	  
correlates	  with	  ectopic	  expression	  of	  Pax9	  and	  appearance	  of	  Trp63+	  cells	  in	  SFTPC-­‐Pax9	  
transgenic	  lungs	  at	  E17.5.	  	  Scale	  bars	  =	  20um.	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Figure	  2.7	  	  Trp63	  and	  Pax9	  do	  not	  trans-­‐activate	  each	  others’	  promoters	  in	  vitro	  
(A)	  dNp63	  promoter-­‐luciferase	  construct	  was	  very	  weakly	  activated	  by	  addition	  of	  Pax9	  
expression	  plasmid,	  relative	  to	  Sox2,	  a	  known	  activator	  of	  dNp63	  transcription.	  (B)	  Pax9	  
promoter-­‐luciferase	  construct	  was	  weakly	  activated	  by	  dNp63alpha	  relative	  to	  Sox2	  and	  
Nkx2.1	  (also	  named	  TTF1),	  two	  other	  transcription	  factors	  expressed	  in	  the	  proximal	  
airway	  epithelium	  where	  Pax9	  is	  ectopically	  expressed	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  
RLU:	  Relative	  Light	  Units.	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Figure	  2.8	  	  Ectopic	  Trp63+	  cells	  maintain	  Nkx2.1+	  lung	  endoderm	  identity	  
IHC	  for	  Trp63	  and	  Nkx2.1	  in	  basal	  cells	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5	  shows	  co-­‐
localization	  by	  confocal	  microscopy	  analysis.	  Scale	  bars	  =	  20um.	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Figure	  2.9	  	  	  Basal	  cells	  develop	  early	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	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Figure	  2.9	  	  	  Basal	  cells	  develop	  early	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  
(A)	  Sox2	  and	  Trp63	  co-­‐IHC	  shows	  that	  Trp63+	  cells	  are	  observed	  at	  high	  frequency	  in	  
Shhcre:Ezh2flox/flox	  mutant	  lungs	  as	  early	  as	  E12.5.	  These	  cells	  increase	  in	  frequency	  at	  both	  
E14.5	  and	  E18.5.	  Note,	  all	  Trp63+	  cells	  express	  Sox2.	  (B)	  Time	  course	  of	  Krt5	  expression	  
showing	  that	  it	  lags	  behind	  Trp63	  expression	  and	  is	  not	  observed	  until	  E14.5	  in	  sporadic	  
Trp63+	  cells.	  By	  E18.5,	  all	  Trp63+	  cells	  are	  Krt5+	  and	  there	  are	  additional	  Krt5-­‐expressing	  
dome-­‐shaped	  luminal	  cells.	  (C)	  Time	  course	  of	  Krt14	  expression	  showing	  that	  it	  lags	  behind	  
Trp63	  and	  Krt5	  expression,	  but	  is	  expressed	  extensively	  at	  E18.5	  in	  most	  Trp63+	  basal	  cells.	  	  
(D)	  Time	  course	  showing	  that	  Pdpn	  expression	  appears	  between	  E14.5	  and	  E18.5,	  tracking	  
with	  Krt14	  expression.	  Scale	  bars	  =	  20um.	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Figure	  2.10	  	  Assessment	  of	  cell	  proliferation	  in	  ectopic	  basal	  cells	  in	  Shhcre:Ezh2flox/flox	  
mutant	  lungs	  
(A)	  Cell	  proliferation	  in	  both	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E12.5	  and	  E14.5	  
as	  assessed	  by	  PH3	  IHC.	  (B)	  Cell	  proliferation	  in	  both	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  at	  E18.5	  as	  assessed	  by	  PH3	  IHC.	  (C)	  Cell	  proliferation	  assessed	  specifically	  in	  Sox2+	  
proximal	  epithelial	  cells	  in	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  and	  ectopic	  Trp63+	  
cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E12.5.	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Figure	  2.11	  	  Krt5+/Trp63-­‐	  luminal	  cell	  morphology	  resembles	  club	  cells	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Figure	  2.11	  	  Krt5+/Trp63-­‐	  luminal	  cell	  morphology	  resembles	  club	  cells.	  
(A)	  Expression	  of	  Krt5	  is	  observed	  in	  both	  Trp63+	  basal	  cells	  as	  well	  as	  Trp63-­‐negative	  
domed	  shaped	  luminal	  cells	  (asterisks)	  lining	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5.	  (B)	  
Basal	  cell	  marker	  Pdpn	  is	  not	  expressed	  in	  these	  Krt5	  luminal	  cells	  in	  Shhcre:Ezh2flox/flox	  
mutant	  lungs.	  (C	  and	  D)	  Krt5+	  cells	  in	  the	  airway	  lumen	  are	  negative	  for	  the	  proliferation	  
markers	  PH3	  (C)	  and	  BrdU	  (D)	  at	  E18.5,	  suggesting	  that	  Krt5	  cells	  are	  not	  temporarily	  
protruding	  into	  the	  airway	  lumen	  during	  cell	  division.	  Scale	  bars	  =	  20um.	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Figure	  2.13	  	  Krt5+/	  Trp63-­‐	  cells	  lining	  the	  airways	  of	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  
are	  early	  luminal	  progenitors	  
Krt5	  is	  expressed	  in	  Trp63+	  basal	  cells,	  and	  also	  in	  dome-­‐shaped	  luminal	  cells	  that	  are	  
Trp63-­‐negative.	  These	  Krt5+/Trp63-­‐	  cells	  do	  not	  express	  the	  ciliated	  epithelium	  marker	  
TubbIV,	  nor	  the	  mature	  club	  cell	  marker	  Scgb1a1,	  nor	  the	  committed	  secretory	  progenitor	  
marker	  SSEA1.	  Note	  that	  Krt5+/Trp63-­‐	  cells	  do	  express	  the	  luminal	  epithelial	  marker	  Krt8,	  
while	  basally-­‐located	  Krt5+	  cells	  do	  not	  express	  Krt8.	  Scale	  bars	  =	  20um.	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Figure	  2.14	  	  Notch	  activity	  in	  ectopic	  basal	  cells	  and	  luminal	  progenitors	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Figure	  2.14	  	  Notch	  activity	  in	  ectopic	  basal	  cells	  and	  luminal	  progenitors	  
	  (A)	  IHC	  for	  Trp63	  and	  Notch1-­‐ICD	  shows	  co-­‐expression	  in	  the	  control	  main	  stem	  bronchus	  
and	  the	  Shhcre:Ezh2flox/flox	  mutant	  bronchioles,	  but	  not	  the	  control	  bronchiole.	  (B)	  IHC	  for	  
Notch3-­‐ICD	  shows	  that	  some	  Krt8+	  luminal	  cells	  in	  Shhcre:Ezh2flox/flox	  mutant	  express	  the	  
Notch3-­‐ICD	  marker	  of	  early	  secretory	  specification.	  Scale	  bars	  =	  20um.	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Figure	  2.15	  	  Expression	  of	  neuroendocrine	  and	  goblet	  cell	  in	  Shhcre:Ezh2flox/flox	  mutant	  
lungs	  
(A)	  Expression	  of	  Pgp9.5	  by	  IHC	  is	  unaltered	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5.	  (B)	  
qPCR	  of	  Pgp9.5	  in	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5.	  (C)	  IHC	  of	  Muc5ac	  in	  
control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E18.5.	  Scale	  bars:	  A	  =	  100um,	  C	  =	  20um.	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Figure	  2.16	  	  Ezh2	  is	  not	  required	  postnatally	  for	  club	  cell	  homeostasis	  or	  
regeneration	  
(A)	  Scgb1a1cre:Ezh2flox/flox	  adult	  mutant	  lungs	  contain	  normal	  numbers	  of	  Scgb1a1-­‐positive	  
secretory	  cells.	  (B)	  Club	  cell	  regeneration	  after	  naphthalene	  injury	  is	  unaffected	  in	  
Scgb1a1cre:Ezh2flox/flox	  lungs	  as	  compared	  to	  control	  lungs.	  Scale	  bars:	  (A	  upper	  row)	  =	  
100um;	  (A	  lower	  row)	  =	  20um;	  (B)	  =	  100um.	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Figure	  2.17	  	  Ezh2	  is	  not	  required	  postnatally	  in	  tracheal	  basal	  cells	  for	  club	  cell	  
differentiation	  
Deletion	  of	  Ezh2	  in	  basal	  cells	  using	  Krt5-­‐CreER	  induction	  by	  tamoxifen	  injection	  at	  
postnatal	  day	  4	  does	  not	  prevent	  lineage-­‐traced	  mutant	  basal	  cells	  from	  differentiating	  into	  
Scgb1a1+	  club	  cells	  by	  postnatal	  day	  28	  (white	  arrowheads)	  or	  from	  maintaining	  a	  basal	  
cell	  population	  (yellow	  arrowheads).	  White	  arrowheads:	  GFP+/Scgb1a1+	  club	  cells	  
descended	  from	  labeled	  basal	  cells.	  Yellow	  arrowheads:	  GFP+/Scgb1a1-­‐	  basal	  cells.	  Scale	  
bar	  =	  20um.	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Figure	  2.18	  	  Model	  of	  Ezh2’s	  effects	  on	  proximal	  airway	  development	  
Model	  of	  how	  Ezh2	  restricts	  the	  Trp63+	  basal	  cell	  lineage	  during	  mouse	  Sox2+	  proximal	  
endoderm	  progenitor	  development.	  Ezh2	  is	  subsequently	  required	  for	  differentiation	  of	  
airway	  endoderm	  progenitors	  into	  the	  secretory	  cell	  lineage,	  while	  ciliated	  cells	  remain	  
unaffected.	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Figure	  2.19	  	  Decreased	  expression	  of	  Shh	  in	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  
(A)	  HE	  and	  IHC	  for	  Sftpc	  and	  Pdpn	  on	  E18.5	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs.	  (B)	  
qPCR	  for	  the	  indicated	  distal	  epithelial	  marker	  genes.	  (C))	  HE,	  IHC	  for	  Sox9,	  and	  ISH	  for	  Shh	  
on	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  (E)	  qPCR	  for	  Sox9	  and	  Shh	  at	  E14.5.	  
Scale	  bar:	  E18.5	  =	  20um;	  E14.5	  =	  100um.	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Figure	  2.20	  	  Alveolar	  defects	  include	  de-­‐repression	  of	  Ezh2	  target	  genes	  
(A)	  ISH	  for	  Pax2	  on	  control	  and	  Shhcre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5.	  (B)	  ChIP-­‐qPCR	  for	  
H3K27me3	  marks	  on	  the	  Pax2	  promoter	  and	  an	  unrelated	  gene	  desert	  region	  as	  well	  as	  the	  
GAPDH	  promoter.	  (C)	  Pax2	  promoter	  luciferase	  assay	  showing	  activation	  in	  response	  to	  
increasing	  concentrations	  of	  transcription	  factors	  present	  in	  the	  distal	  airways.	  RLU	  =	  
Relative	  Light	  Units.	  (D)	  qPCR	  for	  Pax2	  and	  Brn2	  at	  E14.5.	  Scale	  bar	  =	  100um.	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Figure	  2.21	  	  Model	  of	  Ezh2’s	  effects	  on	  distal	  airway	  development	  
Ezh2	  represses	  target	  genes	  including	  Pax2	  that	  are	  otherwise	  receptive	  to	  activation	  by	  
transcription	  factors	  present	  in	  the	  distal	  airway	  epithelium,	  such	  as	  Sox9,	  TTF1,	  HNF3a,	  
HNF3b,	  and	  Gata6.	  In	  the	  absence	  of	  Ezh2-­‐mediated	  repression,	  Pax2	  is	  ectopically	  
expressed	  in	  distal	  airway	  epithelium,	  and	  it	  in	  turn	  drives	  expression	  of	  its	  target	  genes	  
including	  Brn1.	  Ectopic	  expression	  of	  non-­‐lung	  transcriptional	  programs	  and	  induction	  of	  
cell	  cycle	  inhibitors	  likely	  contributes	  to	  reduced	  Shh	  expression	  in	  distal	  airways	  and	  
dysregulation	  of	  Fgf,	  Wnt,	  and	  Tgfb	  signaling	  pathways	  that	  regulate	  lung	  development.	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CHAPTER	  3:	  Ezh2	  Represses	  The	  Smooth	  Muscle	  Lineage	  In	  Lung	  
Mesoderm	  Development	  
	  
The	  data	  presented	  in	  this	  chapter	  will	  be	  submitted	  to	  Development.	  
Summary	  
During	  development,	  the	  lung	  mesoderm	  generates	  a	  variety	  of	  cell	  lineages	  
including	  airway	  and	  vascular	  smooth	  muscle.	  While	  epigenetic	  changes	  in	  adult	  lung	  
mesodermal	  lineages	  are	  thought	  to	  contribute	  toward	  diseases	  such	  as	  IPF	  and	  COPD,	  little	  
is	  known	  about	  epigenetic	  regulation	  of	  the	  lung	  mesoderm	  during	  development.	  In	  this	  
chapter,	  we	  show	  that	  the	  PRC2	  enzyme	  Ezh2	  is	  required	  to	  restrict	  smooth	  muscle	  
differentiation	  in	  the	  developing	  lung	  mesothelium,	  a	  cell	  lineage	  known	  to	  contribute	  to	  
formation	  of	  smooth	  muscle	  during	  lung	  development.	  Mesodermal	  loss	  of	  Ezh2	  leads	  to	  the	  
formation	  of	  ectopic	  smooth	  muscle	  at	  the	  periphery	  of	  the	  lungs	  underlying	  the	  
mesothelium.	  Loss	  of	  Ezh2	  specifically	  in	  the	  developing	  mesothelium	  results	  in	  the	  same	  
phenotype,	  indicating	  a	  mesothelial-­‐intrinsic	  role	  for	  Ezh2	  repression	  of	  the	  smooth	  muscle	  
differentiation	  program.	  Loss	  of	  Ezh2	  de-­‐represses	  expression	  of	  Myocardin,	  a	  master	  
regulator	  of	  the	  smooth	  muscle	  lineage.	  Moreover,	  loss	  of	  Ezh2	  leads	  to	  de-­‐repression	  of	  the	  
epicardial	  transcription	  factor	  Tbx18,	  which	  is	  important	  for	  smooth	  muscle	  differentiation	  
from	  the	  epicardium,	  and	  its	  close	  paralog	  Tbx15.	  Together,	  these	  findings	  indicate	  that	  
Ezh2	  is	  required	  to	  restrict	  the	  smooth	  muscle	  gene	  expression	  program	  in	  the	  developing	  
mesothelium	  to	  allow	  appropriate	  mesothelial	  gene	  expression	  and	  fate	  decisions.	  
Introduction	  
Lung	  mesoderm-­‐derived	  lineages	  provide	  a	  physical	  scaffold	  and	  inductive	  signaling	  for	  the	  
conducting	  airway	  and	  gas-­‐exchanging	  alveolar	  epithelium.	  Lung	  mesoderm	  develops	  into	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multiple	  tissue	  types,	  such	  as	  airway	  and	  vascular	  smooth	  muscle,	  endothelium,	  
parenchymal	  mesenchyme,	  interstitial	  mesenchyme,	  and	  likely	  additional	  cell	  types	  that	  are	  
the	  subject	  of	  active	  investigation.	  These	  tissues	  themselves	  are	  heterogenous	  and	  comprise	  
cells	  of	  multiple	  developmental	  origins.	  Lung	  mesoderm	  is	  highly	  plastic	  in	  development	  
and	  during	  injury	  repair,	  and	  destabilization	  of	  cell	  identity	  and	  quiescence	  is	  associated	  
with	  diseases	  such	  as	  IPF	  and	  COPD	  (Morrisey	  and	  Hogan	  2010;	  Herriges	  and	  Morrisey	  
2014;	  Hogan	  et	  al.	  2014).	  
	   The	  lung	  mesothelium	  is	  a	  highly	  plastic	  mesodermal	  tissue	  in	  the	  lung.	  The	  
mesothelium	  is	  a	  mesoderm-­‐derived	  epithelial	  monolayer	  originating	  from	  the	  
proepicardial	  organ	  at	  E9.0,	  which	  then	  migrates	  to	  surround	  the	  lung	  by	  E10.5	  (Olivey	  et	  al.	  
2004;	  Que	  et	  al.	  2008).	  The	  mesothelium	  contributes	  to	  lung	  development	  both	  by	  paracrine	  
signaling	  and	  by	  direct	  contribution	  of	  cells.	  Many	  mesothelial	  cells	  migrate	  into	  the	  lung	  
and	  contribute	  to	  mesenchyme	  and	  comprise	  a	  substantial	  proportion	  of	  bronchial	  and	  
vascular	  smooth	  muscle	  (Que	  et	  al.	  2008;	  Dixit	  et	  al.	  2013).	  Mesothelial	  cells	  may	  contribute	  
to	  IPF,	  a	  disease	  characterized	  by	  inappropriate	  fibroblast	  differentiation	  and	  excessive	  
proliferation,	  forming	  fibrotic	  lesions	  (Mutsaers	  et	  al.	  2015).	  Mesothelial	  cells	  turn	  into	  
fibroblasts	  upon	  exposure	  to	  Tgfb,	  a	  pro-­‐fibrotic	  signaling	  molecule	  upregulated	  by	  
macrophages	  in	  IPF	  lungs.	  Additionally,	  a	  mouse	  model	  of	  fibrosis	  induces	  expression	  of	  a	  
mesothelial-­‐specific	  transcription	  factor,	  WT1,	  in	  the	  lung	  parenchyma	  (Karki	  et	  al.	  2014).	  It	  
is	  unclear	  whether	  these	  cells	  are	  mesothelial-­‐derived,	  but	  these	  data	  suggest	  that	  the	  
mesothelium	  and	  mesothelial-­‐derived	  cells	  may	  reactivate	  their	  developmental	  plasticity	  
during	  lung	  injury	  and	  repair	  processes,	  and	  contribute	  to	  inappropriate	  fibrosis.	  
	   Lineage	  stability	  and	  cell	  fate	  decisions	  are	  often	  regulated	  epigenetically.	  In	  
Chapter	  2,	  we	  demonstrated	  a	  requirement	  for	  Ezh2	  in	  lineage	  decisions	  during	  lung	  
endoderm	  development.	  Ezh2	  is	  also	  highly	  expressed	  in	  developing	  lung	  mesoderm,	  and	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decreases	  in	  expression	  as	  development	  proceeds	  (Galvis	  et	  al.	  2015;	  Snitow	  et	  al.	  2015).	  
Ezh2	  is	  required	  for	  normal	  development	  of	  many	  mesodermal	  tissues,	  such	  as	  suppressing	  
skeletal	  muscle	  genes	  in	  cardiac	  myocardium	  (Delgado-­‐Olguín	  et	  al.	  2012).	  The	  critical	  roles	  
for	  Ezh2	  in	  lung	  endoderm	  development	  and	  in	  multiple	  mesodermal	  lineages,	  combined	  
with	  high	  Ezh2	  expression	  in	  developing	  lung	  mesoderm,	  led	  us	  to	  investigate	  the	  
requirement	  for	  Ezh2	  in	  lung	  mesoderm	  development	  and	  lineage	  specification.	  
	   To	  determine	  Ezh2’s	  role	  in	  lung	  mesoderm	  development,	  we	  specifically	  deleted	  
Ezh2	  in	  Twist2/Dermo1-­‐positive	  mesoderm.	  In	  this	  chapter,	  we	  show	  that	  Ezh2	  is	  required	  
in	  the	  developing	  lung	  mesoderm	  to	  suppress	  the	  smooth	  muscle	  lineage	  along	  the	  lung	  
mesothelium,	  and	  that	  Ezh2	  suppresses	  the	  smooth	  muscle	  master	  transcription	  factor	  
Myocardin.	  Ezh2	  is	  specifically	  required	  in	  the	  WT1+	  lung	  mesothelium	  to	  suppress	  smooth	  
muscle	  differentiation	  from	  that	  tissue.	  We	  show	  that	  Ezh2	  also	  suppresses	  the	  epicardial	  
transcription	  factor	  Tbx18,	  which	  promotes	  smooth	  muscle	  development	  from	  the	  
epicardium,	  the	  mesothelium	  of	  the	  heart.	  Ezh2	  additionally	  suppresses	  Tbx15,	  which	  is	  not	  
expressed	  in	  mesothelium,	  but	  is	  functionally	  equivalent	  to	  Tbx18.	  These	  data	  indicate	  that	  
Ezh2/PRC2	  is	  required	  to	  regulate	  lineage	  decisions	  in	  the	  developing	  lung	  mesoderm,	  and	  
is	  specifically	  required	  to	  suppress	  ectopic	  smooth	  muscle	  development	  from	  the	  highly	  
plastic	  mesothelium.	  
Loss	  of	  Ezh2	  in	  mesoderm	  inhibits	  respiratory	  function	  
In	  Chapter	  2,	  we	  showed	  that	  Ezh2	  is	  highly	  expressed	  in	  the	  developing	  lung	  mesoderm	  in	  
addition	  to	  the	  endoderm	  (Figure	  2.1	  B)	  (Galvis	  et	  al.	  2015;	  Snitow	  et	  al.	  2015).	  To	  assess	  
the	  role	  of	  Ezh2	  in	  lung	  mesoderm	  development,	  we	  generated	  a	  mesoderm-­‐specific	  loss-­‐of-­‐
function	  mutant	  by	  crossing	  Ezh2flox/flox	  mice	  with	  the	  pan-­‐mesodermal	  recombinase	  
Dermo1cre	  that	  has	  robust	  activity	  in	  the	  lung	  mesoderm	  by	  E10.5,	  and	  the	  lineage	  trace	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reporter	  Rosa-­‐mTmG	  that	  expresses	  membrane-­‐bound	  GFP	  in	  all	  Dermo1cre	  positive	  cells	  
and	  their	  progeny	  (Su	  et	  al.	  2003;	  Yu	  et	  al.	  2003;	  Muzumdar	  et	  al.	  2007;	  Yin	  et	  al.	  2008).	  
Dermo1cre:Ezh2flox/flox	  mutant	  mice	  die	  within	  hours	  of	  birth	  due	  to	  respiratory	  distress.	  They	  
become	  cyanotic	  and	  gasp	  for	  breath	  (Figure	  3.1	  A),	  but	  are	  unable	  to	  inflate	  their	  lungs	  
with	  air	  as	  assessed	  by	  buoyancy	  in	  PBS	  (Figure	  3.1	  B).	  Lungs	  of	  Dermo1cre:Ezh2flox/flox	  
mutants	  have	  normal	  gross	  morphology,	  but	  are	  consistently	  smaller	  than	  sibling	  controls	  
(Figure	  3.1	  C).	  
Poor	  alveolar	  development	  of	  Dermo1cre:Ezh2flox/flox	  mutant	  lung	  mesenchyme	  
To	  determine	  the	  cause	  of	  respiratory	  failure	  despite	  gasping	  efforts	  in	  Dermo1cre:Ezh2flox/flox	  
mutant	  P0	  pups,	  we	  analyzed	  lungs	  at	  E18.5	  shortly	  prior	  to	  birth.	  Sections	  through	  the	  left	  
lobe	  of	  E18.5	  lungs	  stained	  with	  H+E	  shows	  large	  and	  small	  airway	  development,	  although	  
the	  interstitial	  mesenchyme	  between	  alveoli	  is	  much	  thicker	  in	  the	  mutants	  (Figure	  3.2	  A).	  
IHC	  analysis	  for	  alveolar	  epithelial	  markers	  of	  Type	  I	  and	  Type	  II	  cells	  (SP-­‐C	  and	  Pdpn,	  
respectively)	  shows	  that	  while	  specification	  of	  alveolar	  epithelium	  is	  achieved,	  there	  is	  little	  
alveolar	  space	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  compared	  to	  controls	  (Figure	  3.2	  B).	  
The	  reduction	  in	  alveolar	  air	  space	  is	  likely	  responsible	  for	  respiratory	  distress	  at	  birth.	  
Interestingly,	  there	  is	  no	  reduction	  in	  the	  pan-­‐epithelial	  cell	  marker	  E-­‐cadherin	  by	  qPCR	  (P-­‐
value	  =	  0.8452),	  but	  there	  is	  a	  42%	  reduction	  in	  mRNA	  transcript	  of	  the	  mesenchyme	  
marker	  vimentin	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  relative	  to	  controls	  (P-­‐value	  =	  
0.0004)	  (Figure	  3.2	  C).	  This	  reduction	  in	  mesenchyme	  relative	  to	  epithelium	  could	  account	  
for	  the	  small	  size	  of	  the	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs.	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Ezh2	  suppresses	  cell	  cycle	  inhibitor	  p16/Cdkn2a	  to	  allow	  full	  lung	  growth	  
To	  determine	  the	  cause	  of	  reduced	  vimentin	  expression,	  we	  investigated	  whether	  cell	  cycle	  
inhibitors	  that	  are	  common	  targets	  of	  Ezh2-­‐mediated	  epigenetic	  repression	  are	  de-­‐
repressed	  in	  the	  Dermo1cre:Ezh2flox/flox	  mutant	  lung	  mesenchyme.	  One	  such	  target	  of	  Ezh2	  is	  
the	  cyclin-­‐dependent	  kinase	  inhibitor	  p16/Cdkn2a	  (Bracken	  et	  al.	  2007;	  Ezhkova	  et	  al.	  
2009).	  To	  examine	  the	  Cdkn2a	  promoter	  for	  occupancy	  by	  Ezh2/PRC2’s	  histone	  mark	  
H3K27me3	  in	  lung	  mesoderm,	  we	  performed	  ChIP-­‐qPCR	  in	  mesoderm	  isolated	  from	  E18.5	  
lungs.	  We	  found	  that	  the	  Cdkn2a	  promoter	  is	  enriched	  for	  the	  H3K27me3	  histone	  mark,	  in	  
contrast	  to	  a	  nearby	  gene	  desert	  and	  the	  constitutively	  active	  gene	  beta-­‐actin	  (Actb)	  (Figure	  
3.3	  A).	  IHC	  for	  p16/Cdkn2a	  expression	  reveals	  broad	  expression	  in	  the	  alveolar	  space	  at	  
E18.5	  (Figure	  3.3	  B).	  qPCR	  analysis	  confirms	  p16/Cdkn2a	  expression	  at	  E18.5,	  and	  also	  
shows	  ectopic	  expression	  at	  E14.5,	  while	  this	  transcript	  is	  not	  detectable	  in	  control	  lungs	  
(Figure	  3.3	  C).	  De-­‐repression	  of	  p16/Cdkn2a	  is	  accompanied	  by	  a	  2-­‐fold	  reduction	  in	  BrdU	  
incorporation	  in	  lung	  mesenchyme	  (P-­‐value	  =	  0.0018)	  (Figure	  3.3	  D	  and	  E).	  Thus,	  Ezh2	  is	  
responsible	  for	  repressing	  the	  cell	  cycle	  inhibitor	  p16/Cdkn2a	  to	  allow	  proliferation	  and	  
appropriate	  growth	  of	  the	  developing	  lung.	  
Loss	  of	  Ezh2	  leads	  to	  the	  development	  of	  ectopic	  SM22a+	  smooth	  muscle	  	  
To	  assess	  whether	  Ezh2	  loss	  in	  lung	  mesoderm	  alters	  lineage	  specification,	  we	  first	  looked	  
for	  changes	  in	  smooth	  muscle,	  a	  lineage	  sensitive	  to	  chromatin	  conformation	  (reviewed	  in	  
Chapter	  1)	  (McDonald	  and	  Owens	  2007).	  We	  performed	  IHC	  for	  markers	  of	  the	  smooth	  
muscle	  lineage,	  SM22a	  and	  SMA,	  and	  found	  co-­‐expression	  of	  these	  markers	  in	  ectopic	  
smooth	  muscle	  along	  the	  periphery	  of	  the	  lung	  adjacent	  to	  the	  mesothelium	  (Figure	  3.4	  A).	  
The	  morphology	  of	  this	  ectopic	  smooth	  muscle	  is	  distinct	  from	  the	  morphology	  of	  vascular	  
smooth	  muscle	  (Figure	  3.4	  A,	  bottom	  row).	  Analysis	  of	  the	  3D	  structure	  of	  ectopic	  smooth	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muscle	  by	  optical	  projection	  tomography	  (OPT)	  of	  whole-­‐mount	  IHC	  (WM	  IHC)	  for	  SM22a	  
shows	  the	  ectopic	  smooth	  muscle	  forming	  disorganized	  branch-­‐like	  structures	  and	  sheets	  
around	  the	  lung	  lobes	  (Figure	  3.4	  B).	  
Ectopic	  smooth	  muscle	  expands	  in	  proximal-­‐distal	  manner	  during	  lung	  development	  
To	  determine	  when	  in	  development	  the	  ectopic	  smooth	  muscle	  arises,	  we	  performed	  IHC	  
for	  SM22a	  and	  SMA	  on	  lungs	  from	  embryonic	  days	  12.5,	  14.5,	  and	  16.5	  (Figure	  3.5	  A).	  We	  
found	  that	  the	  phenotype	  appears	  to	  develop	  in	  a	  proximal-­‐to-­‐distal	  manner	  over	  
developmental	  time.	  There	  is	  no	  evidence	  for	  ectopic	  smooth	  muscle	  at	  E12.5.	  E14.5	  lungs	  
have	  rare	  instances	  (2/5	  lungs	  examined)	  of	  ectopic	  smooth	  muscle,	  in	  the	  proximal	  
portions	  of	  the	  lobes.	  The	  phenotype	  is	  well-­‐established	  by	  E16.5,	  and	  expands	  distally	  
through	  E18.5	  (Figure	  3.5	  A	  –	  B).	  
	   We	  did	  not	  observe	  dysregulation	  of	  other	  lung	  mesoderm	  lineages	  that	  are	  not	  
accountable	  for	  by	  premature	  senescence	  of	  the	  mesoderm	  and	  reduction	  in	  total	  vimentin+	  
mesenchyme.	  These	  include	  the	  Pdgfrb+	  bronchial	  smooth	  muscle,	  the	  Pdgfra+	  distal	  
airway	  smooth	  muscle,	  and	  the	  endothelium	  markers	  PECAM	  and	  Flk1	  (data	  not	  shown).	  
Thus,	  Ezh2	  is	  required	  in	  lung	  mesoderm	  to	  prevent	  ectopic	  smooth	  muscle	  near	  the	  
mesothelium.	  
Master	  transcription	  factor	  Myocardin	  is	  de-­‐repressed	  in	  ectopic	  smooth	  muscle	  
To	  determine	  why	  smooth	  muscle	  markers	  SM22a	  and	  SMA	  are	  expressed	  ectopically,	  we	  
looked	  for	  expression	  of	  Myocardin,	  the	  master	  transcription	  factor	  of	  the	  smooth	  muscle	  
lineage.	  Myocardin,	  along	  with	  Myocardin-­‐related	  transcription	  factors	  MrtfA	  and	  MrtfB,	  is	  
recruited	  to	  the	  promoters	  of	  SM22a	  and	  SMA,	  and	  directly	  induces	  their	  transcription	  at	  
high	  levels.	  Enforced	  Myocardin	  expression	  can	  reprogram	  non-­‐smooth	  muscle	  cells	  into	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smooth	  muscle,	  making	  it	  a	  candidate	  for	  mediating	  the	  smooth	  muscle	  phenotype	  (Du	  et	  al.	  
2003;	  Parmacek	  2007).	  In	  situ	  hybridization	  for	  Myocardin	  shows	  expression	  in	  the	  ectopic	  
smooth	  muscle	  at	  E14.5	  and	  at	  E18.5	  (Figure	  3.6	  A	  –	  B),	  and	  presumably	  is	  the	  upstream	  
effector	  of	  SM22a	  and	  SMA	  expression.	  Little	  is	  known	  about	  the	  epigenetic	  regulation	  of	  
the	  Myocd	  gene	  itself.	  We	  examined	  the	  Myocd	  promoter	  for	  decoration	  with	  H3K27me3	  by	  
ChIP-­‐qPCR,	  and	  found	  that	  it	  is	  enriched	  for	  H3K27me3	  in	  isolated	  mesoderm	  from	  E18.5	  
lungs,	  in	  contrast	  to	  a	  nearby	  gene	  desert	  and	  the	  transcriptionally	  active	  Actb	  gene	  (Figure	  
3.6	  C).	  Thus,	  Ezh2	  represses	  the	  Myocd	  promoter	  in	  lung	  mesoderm	  development,	  and	  
suppresses	  ectopic	  Myocd	  expression	  and	  its	  downstream	  smooth	  muscle	  transcriptional	  
program.	  
Ectopic	  smooth	  muscle	  is	  neither	  pulmonary	  myocardium	  nor	  vasculature	  
One	  known	  regulator	  of	  Myocardin	  expression	  is	  the	  myocardial	  transcription	  factor	  
Nkx2.5,	  which	  promotes	  expression	  of	  a	  cardiac-­‐specific	  isoform	  of	  Myocardin	  (Ueyama	  et	  
al.	  2003).	  Nkx2.5	  is	  expressed	  not	  only	  in	  cardiac	  myocardium,	  but	  also	  in	  the	  lung	  in	  
pulmonary	  vein	  myocardium.	  Recent	  work	  from	  our	  lab	  showed	  that	  a	  common	  
cardiopulmonary	  progenitor	  pool	  that	  gives	  rise	  to	  Nkx2.5+	  pulmonary	  vein	  myocardium	  
also	  contributes	  to	  pulmonary	  vascular	  smooth	  muscle	  (Figure	  1.4)	  (Peng	  et	  al.	  2013).	  It	  is	  
possible	  that	  Ezh2	  was	  deleted	  in	  these	  common	  progenitors,	  disrupting	  normal	  migration	  
into	  the	  lung	  and	  driving	  the	  ectopic	  expression	  of	  smooth	  muscle	  genes.	  To	  test	  this	  
possibility,	  we	  performed	  IHC	  for	  the	  myocardial	  markers	  Nkx2.5	  and	  MF-­‐20.	  We	  found	  that	  
these	  markers	  (and	  also	  striated	  alpha-­‐actinin,	  data	  not	  shown)	  are	  present	  in	  pulmonary	  
vein	  myocardium,	  but	  are	  not	  present	  in	  ectopic	  smooth	  muscle	  (Fig	  3.7	  A	  –	  B).	  Additionally,	  
despite	  having	  a	  branch-­‐like	  structure,	  the	  dense	  cords	  of	  ectopic	  smooth	  muscle	  are	  not	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vasculature:	  they	  lack	  lumens	  lined	  by	  PECAM+	  endothelium	  (Figure	  3.7	  C).	  Thus,	  the	  
ectopic	  smooth	  muscle	  is	  not	  disorganized	  vasculature.	  
Ectopic	  smooth	  muscle	  is	  associated	  with	  lung	  mesothelium	  
The	  ectopic	  smooth	  muscle	  appears	  at	  the	  periphery	  of	  the	  lung	  lobes	  (Figure	  3.4	  A	  –	  C),	  
where	  the	  mesothelium	  lies.	  The	  mesothelium	  is	  a	  mesodermally-­‐derived	  epithelial	  
monolayer	  that	  envelopes	  the	  lung	  and	  reduces	  friction	  against	  apposed	  organs.	  During	  
development,	  some	  mesothelial	  cells	  undergo	  EMT	  and	  migrate	  into	  the	  lung,	  contributing	  
to	  bronchial	  and	  vascular	  smooth	  muscle,	  as	  well	  as	  to	  mesenchymal	  fibroblasts	  (Que	  et	  al.	  
2008;	  Dixit	  et	  al.	  2013).	  	  
	   The	  mesothelium	  could	  contribute	  directly	  to	  the	  ectopic	  smooth	  muscle	  by	  
prematurely	  differentiating	  into	  smooth	  muscle	  without	  migrating	  into	  the	  lung.	  We	  
investigated	  the	  association	  of	  the	  mesothelium	  with	  the	  ectopic	  smooth	  muscle.	  We	  
performed	  co-­‐IHC	  for	  SM22a	  and	  the	  mesothelial	  marker	  WT1,	  and	  found	  that	  the	  SM22a+	  
ectopic	  smooth	  muscle	  is	  associated	  with	  WT1+	  mesothelial	  cells	  (Fig	  3.8	  A).	  Co-­‐IHC	  for	  the	  
membrane	  GFP	  lineage	  trace	  reporter	  and	  SMA	  revealed	  that	  the	  ectopic	  smooth	  muscle	  is	  
immediately	  adjacent	  to	  or	  forms	  part	  of	  the	  exterior	  cell	  layer	  of	  the	  lung,	  and	  is	  thus	  
intimately	  associated	  with	  the	  mesothelium	  (Figure	  3.8	  B).	  
We	  next	  asked	  whether	  this	  ectopic	  association	  of	  mesothelium	  and	  smooth	  muscle	  
prevented	  mesothelial	  cells	  from	  migrating	  into	  the	  lung	  and	  contributing	  to	  normal	  smooth	  
muscle	  development	  in	  the	  bronchial	  and	  vascular	  smooth	  muscle.	  Mesothelial	  cells	  
contribute	  to	  30%	  of	  vascular	  smooth	  muscle	  cells	  and	  22-­‐81%	  of	  total	  smooth	  muscle	  
surface	  area	  in	  the	  lung	  (Que	  et	  al.	  2008;	  Dixit	  et	  al.	  2013),	  but	  IHC	  for	  SM22a	  and	  SMA	  did	  
not	  reveal	  defects	  in	  vascular	  or	  bronchial	  smooth	  muscle	  (Figure	  3.5	  A	  -­‐B	  and	  Figure	  3.8	  C),	  
indicating	  no	  catastrophic	  loss	  of	  mesothelial	  contribution	  to	  these	  tissues.	  Thus,	  the	  lung	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mesothelium	  is	  closely	  associated	  with	  the	  ectopic	  smooth	  muscle,	  although	  this	  association	  
does	  not	  detract	  from	  normal	  bronchial	  and	  vascular	  smooth	  muscle	  development.	  
No	  change	  in	  signaling	  pathways	  mediating	  lung	  smooth	  muscle	  development	  
Another	  potential	  mechanism	  for	  ectopic	  smooth	  muscle	  development	  is	  dysregulation	  of	  
signaling	  pathways	  known	  to	  affect	  smooth	  muscle	  specification	  in	  lung	  development.	  
The	  mesothelium	  contributes	  Fgf9	  paracrine	  signaling	  to	  the	  lung	  mesenchyme	  that	  affects	  
smooth	  muscle	  differentiation	  (White	  et	  al.	  2006),	  and	  the	  lung	  mesenchyme	  and	  
epithelium	  also	  regulate	  smooth	  muscle	  development	  through	  Wnt,	  Shh,	  and	  Fgf10	  
signaling	  (summarized	  in	  Table	  3.1).	  Additionally,	  several	  signaling	  pathways	  induce	  
smooth	  muscle	  development	  from	  the	  epicardium,	  the	  mesothelial	  layer	  of	  the	  heart	  (Table	  
3.1)	  (Olivey	  et	  al.	  2004;	  Tomanek	  2005).	  We	  examined	  expression	  of	  these	  pathway	  
members	  at	  E12.5,	  while	  these	  pathways	  are	  still	  active	  in	  control	  lungs.	  qPCR	  analysis	  did	  
not	  reveal	  expression	  changes	  in	  signaling	  ligands,	  receptors,	  or	  transcriptional	  readouts	  of	  
active	  signaling	  (Table	  3.1,	  Figure	  3.9	  A	  -­‐	  D)	  (Morrisey	  and	  Hogan	  2010).	  However,	  qPCR	  
analysis	  on	  whole-­‐lung	  lysate	  may	  not	  be	  sufficiently	  sensitive	  to	  detect	  changes	  in	  rare	  
cells	  with	  ectopic	  expression	  of	  these	  pathways.	  
Aberrant	  expression	  of	  epicardial	  development	  transcription	  factors	  
Tbx18	  is	  a	  T-­‐box	  containing	  transcription	  factor	  important	  for	  development	  of	  the	  
epicardium	  (Kraus	  et	  al.	  2001;	  Wu	  et	  al.	  2013).	  Tbx18-­‐null	  embryos	  develop	  less	  SM22a+	  
smooth	  muscle	  around	  coronary	  arteries,	  which	  form	  along	  the	  epicardial	  surface	  of	  the	  
heart.	  We	  hypothesized	  that	  de-­‐repression	  of	  Tbx18	  in	  the	  lung	  mesothelium	  could	  form	  an	  
epicardial-­‐like	  niche	  that	  promotes	  formation	  of	  ectopic	  smooth	  muscle.	  We	  found	  that	  
Tbx18	  is	  ectopically	  expressed	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5	  and	  E18.5	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(Figure	  3.10	  A).	  Additionally,	  Tbx15,	  which	  is	  biochemically	  equivalent	  to	  Tbx18,	  is	  also	  
ectopically	  expressed	  (Kraus	  et	  al.	  2001;	  Farin	  et	  al.	  2007)	  (Figure	  3.10	  A).	  Concordant	  with	  
previous	  observations	  that	  Tbx	  genes	  are	  regulated	  by	  PRC2	  (Boyer	  et	  al.	  2006),	  we	  found	  
that	  the	  Tbx15	  and	  Tbx18	  promoters	  are	  decorated	  by	  H3K27me3	  in	  isolated	  lung	  
mesoderm,	  suggesting	  that	  Ezh2	  is	  necessary	  to	  repress	  epicardial	  genes	  in	  lung	  mesoderm	  
(Figure	  3.10	  C	  –	  D).	  IHC	  using	  an	  antibody	  recognizing	  both	  Tbx15	  and	  Tbx18	  (Tbx15/18)	  
in	  control	  E18.5	  lungs	  revealed	  localization	  to	  rare	  mesothelial	  and	  submesothelial	  cells,	  
while	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  have	  many	  Tbx15/18+	  cells	  adjacent	  to	  and	  
intermixed	  among	  ectopic	  smooth	  muscle	  cells	  (Figure	  3.10	  B).	  These	  cells	  may	  be	  forming	  
an	  epicardial-­‐like	  niche	  that	  promotes	  development	  of	  smooth	  muscle	  along	  the	  
mesothelium,	  although	  it	  is	  also	  possible	  that	  the	  ectopic	  smooth	  muscle	  induces	  
neighboring	  cells	  to	  express	  Tbx15	  and	  Tbx18	  or	  attracts	  the	  rare	  mesothelial	  cells	  that	  
already	  express	  these	  genes.	  Thus,	  Ezh2	  is	  required	  to	  repress	  Tbx15	  and	  Tbx18,	  and	  
ectopic	  expression	  of	  these	  genes	  is	  spatially	  associated	  with	  ectopic	  smooth	  muscle.	  
Ezh2	  is	  required	  in	  the	  mesothelium	  to	  suppress	  smooth	  muscle	  differentiation	  
The	  localization	  of	  the	  ectopic	  smooth	  muscle	  suggests	  that	  the	  mesothelium	  could	  provide	  
a	  niche	  for	  other	  mesodermal	  lineages	  to	  develop	  into	  smooth	  muscle,	  that	  it	  may	  
differentiate	  into	  smooth	  muscle	  directly,	  or	  both	  (Figure	  3.8).	  To	  address	  these	  
possibilities,	  we	  crossed	  Ezh2flox/flox	  mice	  with	  WT1cre	  mice	  to	  delete	  Ezh2	  specifically	  in	  the	  
mesothelium	  (Zhou	  et	  al.	  2008).	  The	  WT1cre:Ezh2flox/flox	  mutant	  lungs	  develop	  ectopic	  smooth	  
muscle	  that	  expresses	  SM22a	  and	  is	  closely	  associated	  with	  WT1+	  cells	  at	  the	  periphery	  of	  
the	  lung	  (Figure	  3.11	  A	  -­‐	  B).	  This	  ectopic	  smooth	  muscle	  is	  lineage-­‐traced	  with	  membrane	  
GFP,	  indicating	  that	  it	  arose	  from	  the	  WT1cre:Ezh2flox/flox	  mutant	  mesothelium	  (Figure	  3.11	  C).	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Thus,	  Ezh2	  is	  required	  autonomously	  in	  the	  mesothelium	  to	  suppress	  differentiation	  into	  
ectopic	  smooth	  muscle.	  
	   WT1cre:Ezh2flox/flox	  mutant	  embryos	  have	  multiple	  heart	  and	  lung	  phenotypes	  that	  
merit	  further	  study	  (Figure	  3.12	  A	  -­‐	  F).	  The	  lung	  lobes	  are	  truncated	  (Fig	  3.12	  E)	  and	  there	  
are	  deep	  grooves	  constricting	  the	  lung	  lobes	  where	  the	  ectopic	  smooth	  muscle	  forms	  
(Figure	  3.12	  F).	  However,	  these	  mutant	  embryos	  die	  in	  high	  percentages	  at	  variable	  time	  
points	  during	  development	  due	  to	  heart	  failure	  indicated	  by	  edema	  (Figure	  3.12	  C),	  
hemorrhage,	  necrosis	  (Figure	  3.12	  B),	  and	  cardiomegaly	  (Figure	  3.12	  D).	  Unlike	  
Dermo1cre:Ezh2flox/flox	  mutants,	  which	  are	  present	  in	  Mendelian	  ratios	  at	  E18.5,	  only	  3	  
WT1cre:Ezh2flox/flox	  mutant	  embryos	  out	  of	  21	  litters	  survived	  to	  E18.5.	  Additionally,	  most	  
WT1cre:Ezh2flox/flox	  mutant	  embryos	  examined	  died	  between	  E12.5	  and	  E16.5,	  making	  further	  
analysis	  of	  the	  smooth	  muscle	  phenotype	  impractical.	  
Discussion	  
Epigenetic	  regulation	  of	  lung	  development	  is	  poorly	  understood.	  Chapter	  2	  of	  this	  
dissertation	  and	  prior	  studies	  have	  shown	  critical	  roles	  for	  epigenetic	  regulation	  of	  
patterning	  and	  lineage	  decisions	  in	  the	  lung	  endoderm	  (Zacharek	  et	  al.	  2011;	  Wang	  et	  al.	  
2013;	  Galvis	  et	  al.	  2015;	  Snitow	  et	  al.	  2015),	  but	  lineage	  decisions	  in	  lung	  mesoderm	  
development	  are	  not	  clear.	  Studies	  on	  human	  lung	  diseases	  have	  shown	  epigenetic	  
dysregulation	  in	  mesodermal	  compartments	  (see	  Chapter	  1).	  However,	  little	  is	  known	  about	  
epigenetic	  regulation	  of	  mesoderm	  development	  in	  the	  lung.	  In	  this	  study,	  we	  characterized	  
the	  requirement	  for	  the	  PRC2	  enzyme	  Ezh2	  in	  lung	  mesoderm	  development.	  
	   Ezh2	  has	  been	  shown	  to	  regulate	  development	  of	  a	  variety	  of	  mesodermal	  tissues.	  
Ezh2-­‐null	  embryos	  are	  embryonic	  lethal	  at	  gastrulation,	  and	  exhibit	  defects	  in	  mesoderm	  
(O'Carroll	  et	  al.	  2001).	  Conditional	  deletion	  of	  Ezh2	  demonstrates	  its	  requirement	  in	  the	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development	  of	  many	  mesodermal	  organs	  including	  B	  cells	  (Su	  et	  al.	  2003),	  skeletal	  muscle	  
satellite	  stem	  cells	  (Juan	  et	  al.	  2011;	  Woodhouse	  et	  al.	  2013),	  limb	  bud	  development	  
(Wyngaarden	  et	  al.	  2011),	  heart	  development	  (Chen	  et	  al.	  2012;	  Delgado-­‐Olguín	  et	  al.	  2012;	  
He	  et	  al.	  2012),	  fetal	  hematopoiesis	  (Mochizuki-­‐Kashio	  et	  al.	  2011),	  and	  endothelium	  
(Delgado-­‐Olguín	  et	  al.	  2014).	  Here,	  we	  show	  that	  Ezh2	  is	  necessary	  for	  lung	  mesoderm	  
development.	  There	  is	  a	  pan-­‐mesenchymal	  requirement	  for	  Ezh2	  to	  suppress	  the	  cell	  cycle	  
inhibitor	  p16/Cdkn2a	  and	  allow	  full	  growth	  of	  the	  developing	  lung.	  We	  also	  show	  that	  Ezh2	  
is	  required	  cell-­‐autonomously	  by	  the	  lung	  mesothelium	  to	  prevent	  inappropriate	  
differentiation	  into	  smooth	  muscle.	  
	   The	  mesothelium	  is	  a	  multipotent	  mesoderm-­‐derived	  epithelial	  layer	  that	  surrounds	  
the	  lung.	  	  Mesothelial	  cells	  migrate	  into	  the	  lung	  during	  normal	  development	  and	  contribute	  
to	  smooth	  muscle	  (Que	  et	  al.	  2008;	  Dixit	  et	  al.	  2013).	  Mesothelia	  surrounding	  the	  gut	  
(serosal	  mesothelium)	  and	  heart	  (epicardium)	  similarly	  contribute	  directly	  to	  vascular	  
smooth	  muscle	  in	  these	  organs	  (Mikawa	  and	  Gourdie	  1996;	  Wilm	  et	  al.	  2005;	  Wu	  et	  al.	  
2013).	  We	  find	  that	  Ezh2	  decorates	  the	  promoter	  of	  the	  smooth	  muscle	  master	  
transcription	  factor	  Myocardin	  with	  the	  repressive	  epigenetic	  mark	  H3K27me3,	  and	  that	  
Ezh2	  loss	  results	  in	  Myocardin+	  ectopic	  smooth	  muscle	  in	  the	  lung	  mesothelium	  (Figure	  
3.13).	  Deleting	  Ezh2	  specifically	  in	  the	  mesothelium	  similarly	  resulted	  in	  ectopic	  smooth	  
muscle,	  showing	  a	  mesothelial-­‐specific	  requirement	  for	  Ezh2	  to	  suppress	  this	  phenotype.	  
	   Lung	  mesothelial	  migration	  and	  differentiation	  into	  smooth	  muscle	  is	  dependent	  on	  
Shh	  signaling	  (Dixit	  et	  al.	  2013),	  which	  itself	  is	  dependent	  on	  paracrine	  signaling	  by	  multiple	  
pathways	  between	  the	  mesenchyme,	  mesothelium,	  and	  epithelium	  (White	  et	  al.	  2006).	  
However,	  we	  did	  not	  observe	  dysregulation	  of	  signaling	  pathways	  associated	  with	  smooth	  
muscle	  development	  in	  lungs,	  suggesting	  that	  paracrine	  signaling	  between	  the	  mesothelium	  
and	  mesenchyme	  is	  not	  indirectly	  inducing	  development	  of	  ectopic	  smooth	  muscle.	  Lineage	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tracing	  analysis	  of	  mesothelial-­‐specific	  WT1cre:Ezh2flox/flox	  mutants	  shows	  that	  the	  WT1-­‐
traced	  mesothelial	  lineage	  contributes	  directly	  to	  ectopic	  smooth	  muscle,	  and	  Ezh2	  is	  
required	  to	  suppress	  this.	  
	   Ezh2	  loss	  creates	  a	  permissive	  but	  not	  instructive	  environment	  for	  Myocardin	  
expression,	  which	  is	  not	  ectopically	  expressed	  across	  the	  entire	  Ezh2-­‐null	  mesenchyme	  or	  
mesothelium.	  Instructive	  cues	  for	  Myocardin	  expression	  could	  come	  from	  niche	  effects	  
exerted	  by	  the	  WT1+	  Ezh2-­‐null	  mesothelium,	  which	  closely	  associates	  with	  the	  ectopic	  
smooth	  muscle.	  The	  lung	  mesothelium	  shares	  a	  common	  origin	  with	  the	  epicardium,	  both	  
apparently	  arising	  from	  the	  WT1+	  proepicardium	  at	  E9.0,	  and	  then	  migrating	  to	  cover	  the	  
heart	  and	  lungs.	  The	  proepicardium	  also	  expresses	  Tbx18	  by	  E9.25,	  and	  the	  epicardium	  
maintains	  Tbx18	  expression	  (Kraus	  et	  al.	  2001),	  while	  the	  lung	  mesothelium	  is	  thought	  to	  
lose	  it,	  although	  data	  presented	  in	  this	  chapter	  shows	  rare	  mesothelial	  cells	  with	  strong	  
signal	  for	  Tbx15/18	  IHC	  (Figure	  3.10	  B).	  Tbx18-­‐null	  embryos	  develop	  fewer	  SM22a+	  
coronary	  vessels	  along	  the	  epicardium,	  and	  these	  remaining	  vessels	  express	  less	  SM22a	  
than	  controls	  (Wu	  et	  al.	  2013).	  This	  is	  the	  opposite	  of	  the	  smooth	  muscle	  phenotype	  we	  
observe	  in	  Ezh2-­‐null	  mesothelium,	  and	  indeed	  we	  observe	  de-­‐repression	  of	  Tbx18	  in	  
Dermo1cre:Ezh2flox/flox	  lungs.	  Additionally,	  Tbx15	  is	  de-­‐repressed	  in	  these	  lungs.	  Tbx15	  is	  not	  
an	  epicardial	  gene	  but	  is	  closely	  related	  to	  Tbx18	  in	  sequence	  and	  function	  (Kraus	  et	  al.	  
2001;	  Farin	  et	  al.	  2007).	  Localization	  of	  Tbx15	  and	  Tbx18	  using	  an	  antibody	  recognizing	  
both	  proteins	  shows	  ectopic	  expression	  in	  nuclei	  interspersed	  around	  the	  ectopic	  smooth	  
muscle.	  Ectopic	  expression	  of	  Tbx15/18	  may	  create	  a	  niche	  that	  induces	  the	  mesothelium	  to	  
behave	  more	  like	  the	  Tbx18-­‐expressing	  epicardium	  that	  initiates	  smooth	  muscle	  
development	  at	  the	  surface	  of	  the	  heart	  (Figure	  3.13).	  
	   Multiple	  diseases	  involve	  the	  lung	  mesothelium	  and	  tissues	  to	  which	  the	  
mesothelium	  contributes.	  One	  of	  these,	  IPF,	  develops	  in	  a	  distal-­‐to-­‐proximal	  direction	  from	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the	  sub-­‐mesothelial	  mesenchyme,	  and	  mouse	  models	  of	  lung	  fibrosis	  show	  activation	  of	  the	  
mesothelial	  marker	  WT1,	  suggesting	  that	  mesothelial	  cells	  or	  their	  differentiated	  progeny	  
may	  be	  involved	  (Mubarak	  et	  al.	  2012;	  Karki	  et	  al.	  2014).	  Mesothelial	  contribution	  to	  
fibrosis	  has	  been	  shown	  in	  the	  liver,	  where	  lineage-­‐traced	  mesothelium	  invades	  into	  the	  
liver	  and	  differentiates	  into	  fibroblasts	  following	  chemical	  injury	  (Asahina	  et	  al.	  2011;	  Li	  et	  
al.	  2013).	  It	  is	  also	  possible	  that	  diseases	  of	  smooth	  muscle,	  such	  as	  airway	  smooth	  muscle	  
remodeling	  in	  asthma,	  could	  have	  differential	  involvement	  by	  mesothelial-­‐derived	  smooth	  
muscle	  versus	  smooth	  muscle	  derived	  from	  other	  sources.	  Understanding	  epigenetic	  
regulation	  of	  the	  lung	  mesoderm,	  including	  the	  mesothelium	  and	  its	  derivatives,	  could	  shed	  
new	  light	  on	  cell	  fate	  decisions	  and	  disease	  etiology.	  
MATERIALS	  AND	  METHODS	  
Animals	  
Dermo1cre,	  WT1cre,	  Ezh2flox/flox,	  and	  RosamTmG	  mice	  and	  their	  genotyping	  have	  been	  previously	  
described	  (Su	  et	  al.	  2003;	  Yu	  et	  al.	  2003;	  Muzumdar	  et	  al.	  2007;	  Zhou	  et	  al.	  2008).	  BrdU	  was	  
administered	  intraperitoneally	  (60mg/kg	  body	  weight)	  90	  minutes	  prior	  to	  dissection.	  All	  
animal	  procedures	  were	  performed	  in	  accordance	  with	  the	  Institute	  for	  Animal	  Care	  and	  
Use	  Committee	  at	  the	  University	  of	  Pennsylvania.	  Statistical	  significance	  was	  calculated	  by	  
GraphPad	  Prism	  5	  software	  using	  a	  1-­‐tailed	  paired	  t-­‐test.	  
Float	  test	  
Lungs	  were	  collected	  from	  seven	  neonatal	  pups	  collected	  shortly	  after	  birth.	  Lungs	  from	  
three	  cyanotic	  pups	  and	  four	  of	  their	  pink	  siblings	  were	  sequentially	  placed	  in	  PBS	  to	  
determine	  buoyancy.	  Pups	  were	  subsequently	  genotyped	  and	  matched	  with	  their	  lungs’	  
buoyancy	  results.	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Quantitative	  RT-­‐PCR	  
As	  previously	  described	  in	  Chapter	  2	  (Snitow	  et	  al.	  2015),	  with	  the	  substitution	  of	  random	  
hexamer	  primers	  for	  Oligo	  dT	  in	  cDNA	  synthesis.	  Statistical	  significance	  was	  calculated	  by	  
GraphPad	  Prism	  5	  software	  using	  a	  2-­‐tailed	  unpaired	  t-­‐test.	  
ChIP-­‐qPCR	  
Lung	  mesoderm	  was	  isolated	  by	  digesting	  E18.5	  lungs	  in	  1x	  Dispase	  (BD	  Bioscience),	  
480U/ml	  Collagenase	  Type	  I	  (Life	  Technologies),	  and	  0.33U/ml	  DNAse	  I	  (Roche)	  for	  20	  
minutes	  at	  37C,	  pipetting	  briefly	  every	  5	  minutes.	  5mM	  EDTA	  was	  then	  added	  to	  prevent	  
epithelial	  cells	  from	  clumping.	  Digested	  lung	  cell	  was	  gently	  pelleted,	  and	  washed	  twice	  
with	  PBS	  containing	  5mM	  EDTA	  and	  1%	  BSA.	  Epithelial	  cells	  were	  removed	  by	  incubation	  
with	  5ug	  rat	  anti-­‐EpCAM/CD326	  (eBioscience)	  in	  1%	  BSA	  in	  PBS	  5mM	  EDTA	  for	  30	  minutes	  
at	  4C,	  washed	  3x	  with	  1%	  BSA	  in	  PBS	  5mM	  EDTA,	  then	  incubated	  with	  50ul	  sheep	  anti-­‐rat	  
IgG	  Dynabeads	  4.5um	  in	  diameter	  (Life	  Technologies)	  for	  30	  minutes	  at	  4C.	  Dynabeads	  
linked	  to	  epithelial	  cells	  were	  removed	  by	  magnetic	  pull-­‐down,	  and	  the	  mesoderm-­‐
containing	  supernatant	  was	  washed	  3x	  in	  PBS	  prior	  to	  crosslinking.	  
Lungs	  were	  cross-­‐linked	  with	  1%	  formaldehyde	  for	  10	  minutes	  and	  sonicated	  to	  an	  
average	  length	  of	  150-­‐300bp	  using	  a	  Diagenode	  Bioruptor	  on	  high	  amplitude	  for	  10	  cycles	  
of	  30	  seconds	  on/off.	  Immunoprecipitation	  was	  performed	  as	  previously	  described	  in	  
Chapter	  2	  (Snitow	  et	  al.	  2015),	  and	  analyzed	  by	  quantitative	  real-­‐time	  PCR	  using	  the	  
primers	  listed	  in	  Table	  3.2.	  
Histology	  
Tissues	  were	  fixed	  in	  fresh	  2%	  or	  4%	  paraformaldehyde,	  embedded	  in	  paraffin	  wax	  and	  
sectioned	  at	  a	  thickness	  of	  6-­‐8	  μm.	  Hematoxylin	  and	  Eosin	  (H&E)	  staining	  was	  performed	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using	  standard	  procedures.	  Myocardin	  in	  situ	  probe	  was	  previously	  described	  (Du	  et	  al.	  
2003).	  In	  situ	  hybridization	  and	  IHC	  were	  performed	  as	  described	  in	  Chapter	  2	  (Wang	  and	  
Morrisey	  2010;	  Tian	  et	  al.	  2011;	  Li	  et	  al.	  2012;	  Wang	  et	  al.	  2013).	  IHC	  used	  the	  antibodies	  
listed	  in	  Table	  3.3.	  
	   Slides	  were	  mounted	  with	  Vectashield	  mounting	  medium	  containing	  DAPI	  (Vector	  
Laboratories).	  BrdU+	  nuclei	  and	  DAPI+	  nuclei	  were	  counted	  by	  hand,	  assisted	  by	  the	  
multipoint	  counting	  tool	  in	  FIJI	  software	  (Schindelin	  et	  al.	  2012);	  epithelial	  cells	  were	  
excluded	  from	  this	  analysis.	  Statistical	  analysis	  was	  performed	  on	  GraphPad	  Prism	  software	  
using	  a	  one-­‐tailed	  paired	  t-­‐test.	  P-­‐values	  less	  than	  0.05	  were	  considered	  to	  be	  significant.	  
Whole-­‐Mount	  Immunohistochemistry	  
Modified	  from	  Metzger	  et	  al.	  (Metzger	  et	  al.	  2008):	  lungs	  were	  dissected	  and	  fixed	  overnight	  
in	  1:4	  ratio	  of	  dimethyl	  sulfoxide	  to	  methanol,	  bleached	  5-­‐10	  hours	  with	  1:1:4	  ratio	  of	  30%	  
H2O2,	  DMSO,	  and	  methanol,	  washed	  and	  stored	  in	  100%	  methanol.	  Lungs	  were	  rehydrated	  
in	  a	  gradient	  series	  of	  methanol	  in	  PBST	  (0.1%	  Tween-­‐20):	  75%,	  50%,	  25%,	  0%.	  Lungs	  
were	  blocked	  overnight	  in	  blocking	  buffer	  (2.5%	  Triton	  X-­‐100,	  10%	  donkey	  serum,	  and	  
0.05%	  sodium	  azide	  in	  PBS).	  Lungs	  were	  incubated	  for	  48	  hours	  with	  primary	  antibodies	  
diluted	  in	  blocking	  buffer,	  washed	  overnight	  in	  PBST,	  incubated	  for	  48	  hours	  in	  secondary	  
antibody,	  washed	  overnight	  in	  PBST,	  then	  washed	  for	  several	  hours	  in	  PBS.	  Lungs	  were	  then	  
embedded	  in	  1%	  low-­‐melting	  agarose,	  dehydrated	  overnight	  in	  100%	  methanol,	  then	  
cleared	  overnight	  in	  a	  1:2	  benzoyl	  alcohol:benzoyl	  benzoate	  solution.	  OPT	  was	  imaged	  on	  a	  
Bioptonics	  OPT	  Scanner	  3001M	  and	  reconstructed	  with	  the	  included	  software	  packages.	  
Antibodies	  used:	  rat	  anti-­‐E-­‐cadherin	  (Sigma	  U3254	  clone	  DECMA-­‐1)	  1:200;	  rabbit	  anti-­‐
SM22a	  (Abcam	  ab14106)	  1:200;	  goat	  anti-­‐SM22a	  (Abcam	  ab10135)	  1:200;	  donkey	  anti-­‐rat	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IgG	  594	  (Life	  Technologies)	  1:250;	  goat	  anti-­‐rabbit	  IgG	  488	  (Jackson	  ImmunoResearch)	  
1:250;	  donkey	  anti-­‐goat	  IgG	  488	  (Life	  Technologies)	  1:250.	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Table	  3.1	  	  Signaling	  pathways	  involved	  in	  smooth	  muscle	  development	  in	  the	  lung	  
	  
Signaling 
Pathway Role in Smooth Muscle Development 
Shh 
Shh signaling (recombinant Shh or endogenous upregulation via FGF9 
inhibition) induces expansion of bronchial SM (Weaver et al. 2003; White 
et al. 2006; Yi et al. 2009). 
Wnt 
Wnt2 expressed in mesenchyme is necessary and sufficient to induce 
Myocardin/Mrtf-B expression in bronchial SM through induction of Wnt7b 
and Fgf10 expression (Goss et al. 2011). 
Wnt5a regulates Shh and Fgf10 expression during lung development (Li 
et al. 2002; Li et al. 2005). 
Wnt7b expressed in epithelium and beta-catenin in SM promote 
proliferation of Pdgfra/b+ SM progenitors (Cohen et al. 2009). 
Fgf 
Fgf9 signaling LOF (Fgf9-null; Fgf1/2-null) induces ectopic SM (White et 
al. 2006; Yi et al. 2009). 
Fgf10 signaling GOF have reduced SMA in alveoli (De Langhe et al. 
2006); however, Fgf10 hypomorph also has decrease in SMA+ bronchial 
and alveolar smooth muscle (Mailleux et al. 2005; Ramasamy et al. 
2007). 
Bmp 
Bmp4 expression positively correlates with SMA+ distal smooth muscle 
in (recombinant Bmp4 induces SM, Bmp4+/- heterozygote reduced 
SMA+ distal SM). Bmp antagonist Noggin is expressed in bronchial SM 
(Weaver et al. 2003; Mailleux et al. 2005). 
Pdgf 
Pdgfra and Pdfgrb are expressed in pulmonary smooth muscle 
progenitors (Cohen et al. 2009; Morrisey and Hogan 2010). Pdgf 
signaling promotes SM proliferation and migration (Hellström et al. 1999; 
Raines 2004). 
Vegf Vegf acts as a chemoattractant for SM cells (Grosskreutz et al. 1999).  
Notch 
RBPjk and Notch1 activation induces vascular SM commitment and also 
mesothelial migration into the lung (Morimoto et al. 2010). Notch 
signaling promotes epicardial differentiation into SM (Grieskamp et al. 
2011). 
Tgfb 
Tgfb induces mesothelial migration into the lung and expression of SMA , 
and also promotes SM differentiation from mesenchymal progenitors 
(Guo and Chen 2012). Tgfb promotes epicardial differentiation into SM 
(Grieskamp et al. 2011). 
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Table	  3.2	  	  Primers	  for	  qPCR	  and	  ChIP-­‐qPCR	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Table	  3.3	  	  Antibodies	  used	  in	  immunohistochemistry	  
PC/BE:	  Pressure	  cooker	  and	  Bull’s	  Eye	  Decloaker	  (Biocare	  Medical).	  
	  
	   	  
Antibody Pretreatment Dilution Resource Catalog# Species
BrdU PC/BE 1:100 Abcam ab6326 Rat
GFP PC/BE 1:1000 Aves GFP-1020 Chicken
MF-20 PC/BE and 
Trypsin
1:20 HybridomaBank MF-20 Mouse
Nkx2.5 PC/BE 1:50 Santa Cruz sc-8697 Goat
P16 (F-12) None 1:100 Santa Cruz sc-1661 Mouse
PECAM-1 Proteinase K 1:500 R&D MAB3628 Rat
SM22a PC/BE 1:100 Abcam ab10135 Goat
SMA PC/BE 1:200 Abcam ab6673 Mouse
SP-C PC/BE 1:500 Chemicon AB3786 Rabbit
T1 alpha/Pdpn PC/BE 1:50 HybridomaBank Clone 8.1.1 Mouse
Tbx15/18 None 1:50 ThermoFisher PA5-38563 Rabbit
WT1 PC/BE 1:50 Santa Cruz sc-192 Rabbit
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Figure	  3.1	  	  Ezh2	  is	  required	  in	  mesoderm	  for	  respiratory	  function	  at	  birth	  
(A)	  Dermo1cre:Ezh2flox/flox	  mutant	  mice	  are	  cyanotic	  shortly	  after	  birth.	  (B)	  Lungs	  from	  3	  
Dermo1cre:Ezh2flox/flox	  mutant	  mice	  at	  P0	  were	  not	  buoyant	  in	  PBS,	  while	  4	  control	  lungs	  
floated.	  (C)	  Ventral	  and	  dorsal	  views	  of	  Dermo1cre:Ezh2flox/flox	  show	  reduced	  lung	  size	  at	  
E18.5.	  	  
	  
	   	  
E18.5
Dermo1cre;
Ezh2flox/flox
Control
P0
Float test
P0
Dermo1cre;
Ezh2flox/flox
Control Dermo1
cre;
Ezh2flox/flox
Control
A B
C
	   	   	  99	  
Figure	  3.2	  	  Poor	  alveolarization	  corresponds	  to	  mesodermal,	  not	  endodermal,	  defects	  
(A)	  Hematoxylin	  and	  eosin	  (HE)	  staining	  of	  E18.5	  left	  lung	  lobes	  shows	  a	  smaller	  mutant	  
lung	  with	  reduced	  alveolar	  space.	  (B)	  IHC	  for	  Type	  I	  (Pdpn)	  and	  Type	  II	  (SP-­‐C)	  alveolar	  
epithelial	  cells	  shows	  appropriate	  endodermal	  specification	  in	  mutants.	  (C)	  qPCR	  reveals	  a	  
reduced	  proportion	  mesenchyme	  marker	  Vimentin	  relative	  to	  the	  epithelial	  marker	  E-­‐
cadherin	  at	  E18.5.	  ***	  indicates	  P-­‐value	  less	  than	  0.0005.	  Scale	  bar	  (A)	  =	  500um;	  (B)	  =	  
50um.	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Figure	  3.3	  	  Ezh2	  represses	  cell	  cycle	  inhibitor	  p16/Cdkn2a	  in	  developing	  lung	  
mesoderm	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Figure	  3.3	  	  Ezh2	  represses	  cell	  cycle	  inhibitor	  p16/Cdkn2a	  in	  developing	  lung	  
mesoderm	  
(A)	  ChIP-­‐qPCR	  for	  H3K27me3	  in	  isolated	  mesoderm	  at	  E18.5,	  n	  =	  4.	  Note	  that	  the	  Cdkn2a	  
promoter	  is	  enriched	  relative	  to	  non-­‐repressed	  control	  loci.	  (B)	  IHC	  for	  p16	  (green)	  reveals	  
increased	  expression	  in	  mutants	  at	  E18.5;	  the	  red	  channel	  shows	  autofluorescent	  blood	  
cells	  (“BC”).	  (C)	  qPCR	  for	  Cdkn2a	  expression	  shows	  ectopic	  expression	  in	  the	  mutants	  at	  
E14.5	  and	  E18.5,	  while	  signal	  was	  undetected	  in	  controls.	  (D)	  IHC	  for	  BrdU	  in	  E18.5	  reveals	  
decreased	  BrdU	  incorporation	  in	  the	  GFP+	  mesoderm	  of	  mutants.	  (E)	  BrdU	  incorporation	  is	  
quantified	  by	  litter,	  showing	  an	  average	  2-­‐fold	  reduction	  in	  the	  mutants	  relative	  to	  their	  
siblings.	  Scale	  bars	  =	  50um.	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Figure	  3.4	  	  Ectopic	  smooth	  muscle	  develops	  around	  lung	  periphery	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Figure	  3.4	  	  Ectopic	  smooth	  muscle	  develops	  around	  lung	  periphery	  
(A)	  IHC	  for	  smooth	  muscle	  markers	  SM22a	  and	  SMA	  indicates	  smooth	  muscle	  development	  
around	  the	  periphery	  of	  the	  mutant	  lung	  (arrowheads),	  while	  controls	  do	  not.	  Inset	  shows	  
morphological	  difference	  between	  control	  blood	  vessel	  (outlined	  by	  dashed	  line)	  and	  
mutant	  ectopic	  smooth	  muscle.	  A,	  Airway;	  V,	  Blood	  Vessel.	  (B)	  OPT	  on	  whole-­‐mount	  IHC	  for	  
SM22a	  in	  E18.5	  lung,	  heart,	  aorta	  (Ao),	  and	  esophagus	  (Eso)	  en	  bloc.	  Insets	  zoom	  in	  on	  
control	  vasculature	  (arrow,	  arrowhead)	  and	  ectopic	  smooth	  muscle	  morphology	  in	  right	  
lung	  (R)	  and	  left	  lung	  (L).	  Note:	  OPT	  re-­‐imaging	  with	  epithelial	  counterstain	  in	  progress	  for	  
revised	  dissertation.	  Scale	  bars:	  (A)	  top	  row	  =	  100um;	  bottom	  row	  =	  20um.	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Figure	  3.5	  	  Ectopic	  smooth	  muscle	  expands	  during	  lung	  development	  
(A)	  IHC	  for	  SM22a	  and	  SMA	  throughout	  lung	  development	  shows	  that	  ectopic	  smooth	  
muscle	  development	  initiates	  by	  E14.5	  and	  expands	  between	  E14.5	  and	  E16.5.	  (B)	  3D	  
confocal	  microscopy	  reconstruction	  of	  WM	  IHC	  for	  SM22a	  in	  E16.5	  and	  E18.5	  accessory	  
lobes	  shows	  the	  proximal-­‐to-­‐distal	  spread	  of	  ectopic	  smooth	  muscle	  during	  late	  
development.	  Scale	  bars:	  (A)	  =	  100um;	  (B)	  =	  200um.	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Figure	  3.6	  	  Myocardin	  is	  de-­‐repressed	  in	  ectopic	  smooth	  muscle	  
(A,B)	  In	  situ	  hybridization	  for	  Myocardin	  reveals	  overlapping	  expression	  with	  SM22a	  and	  
SMA	  in	  ectopic	  smooth	  muscle	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  (arrowheads,	  dashed	  
lines)	  at	  E14.5	  (A)	  and	  E18.5	  (B).	  (C)	  ChIP-­‐qPCR	  for	  H3K27me3	  in	  isolated	  mesoderm	  at	  
E18.5.	  Note	  that	  the	  Myocd	  promoter	  is	  enriched	  relative	  to	  non-­‐repressed	  control	  loci.	  
Scale	  bar:	  (A)	  =	  50um;	  (B)	  =	  100um.	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Figure	  3.7	  	  Ectopic	  smooth	  muscle	  is	  neither	  myocardium	  nor	  vasculature	  
(A)	  Co-­‐IHC	  for	  SMA	  and	  Nkx2.5	  and	  (B)	  SM22a	  and	  MF-­‐20	  in	  E18.5	  parenchyma	  and	  
pulmonary	  myocardium	  reveals	  that	  ectopic	  smooth	  muscle	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  
lungs	  does	  not	  express	  these	  myocardial	  markers,	  and	  pulmonary	  myocardium	  forms	  
normally	  in	  mutant	  lungs.	  (C)	  Co-­‐IHC	  for	  SMA	  and	  PECAM	  shows	  that	  ectopic	  smooth	  
muscle	  does	  not	  contain	  vascular	  lumens	  with	  PECAM+	  endothelium.	  Scale	  bars:	  20um.	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Figure	  3.8	  	  Ectopic	  smooth	  muscle	  localizes	  to	  mesothelium	  
(A)	  Co-­‐IHC	  for	  SM22a	  and	  WT1	  shows	  that	  ectopic	  smooth	  muscle	  associates	  with	  WT1+	  
mesothelium	  at	  E18.5.	  (B)	  Confocal	  microscopy	  on	  co-­‐IHC	  for	  SMA	  and	  membrane	  GFP	  
shows	  that	  the	  ectopic	  smooth	  muscle	  forms	  along	  the	  exterior	  cell	  layer	  of	  the	  lung	  at	  
E18.5.	  (C)	  Co-­‐IHC	  for	  SM22a	  and	  SMA	  did	  not	  reveal	  loss	  of	  vascular	  or	  bronchial	  smooth	  
muscle	  in	  E18.5	  lungs.	  Airway:	  A;	  Blood	  Vessel:	  V.	  	  Scale	  bars	  =	  20um.	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Figure	  3.9	  	  No	  change	  in	  signaling	  pathways	  known	  to	  affect	  SM	  development	  in	  lungs	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Figure	  3.9	  	  No	  change	  in	  signaling	  pathways	  known	  to	  affect	  SM	  development	  in	  lungs.	  
qPCR	  of	  E12.5	  lungs	  (n	  =	  6	  controls,	  7	  mutants)	  for	  the	  following	  signaling	  pathways	  
associated	  with	  smooth	  muscle	  development	  in	  lungs	  does	  not	  reveal	  alterations	  that	  could	  
cause	  ectopic	  smooth	  muscle	  development:	  (A)	  Shh,	  (B)	  Wnt,	  (C)	  FGF,	  and	  (D)	  Bmp,	  Pdgf,	  
Vegf,	  TGFB,	  and	  Notch	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Figure	  3.10	  	  Epicardial	  transcription	  factor	  Tbx18	  is	  de-­‐repressed	  
(A)	  qPCR	  for	  Tbx15	  and	  Tbx18	  shows	  ectopic	  expression	  of	  these	  biochemically	  equivalent	  
genes	  in	  Dermo1cre:Ezh2flox/flox	  mutant	  lungs	  at	  E14.5	  and	  E18.5.	  (B)	  IHC	  for	  Tbx15/18	  
reveals	  that	  ectopic	  expression	  is	  localized	  around	  ectopic	  smooth	  muscle	  at	  E18.5.	  “BC”	  
indicates	  autofluorescence	  from	  blood	  cells	  in	  red	  channel.	  (C,D)	  ChIP-­‐qPCR	  for	  H3K27me3	  
in	  isolated	  mesoderm	  at	  E18.5.	  Note	  that	  the	  Tbx15	  (C)	  and	  Tbx18	  (D)	  promoters	  are	  
enriched	  relative	  to	  non-­‐repressed	  control	  loci.	  Scale	  bars	  =	  50um.	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Figure	  3.11	  	  Mesothelium	  requires	  Ezh2	  to	  suppress	  ectopic	  smooth	  muscle	  
(A)	  IHC	  for	  SM22a	  and	  GFP	  lineage	  tracing	  reveals	  ectopic	  smooth	  muscle	  forming	  in	  
WT1cre:Ezh2flox/flox	  mutant	  lungs	  along	  the	  GFP+	  mesothelium	  at	  E18.5.	  (B)	  IHC	  for	  WT1	  and	  
SM22a	  confirms	  the	  close	  association	  of	  ectopic	  smooth	  muscle	  with	  mesothelium	  at	  E18.5.	  
(C)	  Confocal	  microscopy	  of	  IHC	  for	  SM22a	  and	  GFP	  lineage	  tracing	  showing	  colocalization	  of	  
these	  markers	  confirms	  that	  ectopic	  smooth	  muscle	  arises	  from	  the	  WT1	  lineage	  in	  
WT1cre:Ezh2flox/flox	  mutants.	  Scale	  bars:	  (A)	  =	  100um;	  (B,C)	  =	  20um.	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Figure	  3.12	  	  WT1cre:Ezh2flox/flox	  mutants	  have	  additional	  cardiopulmonary	  defects	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Figure	  3.12	  	  WT1cre:Ezh2flox/flox	  mutants	  have	  additional	  cardiopulmonary	  defects	  
(A)	  Rare	  mutants	  survive	  to	  E18.5;	  these	  are	  smaller	  than	  siblings	  and	  lack	  upper	  eyelids	  
(arrowhead).	  (B)	  Most	  mutants	  succumb	  to	  heart	  failure	  at	  variable	  developmental	  stages.	  
WT1cre:Ezh2flox/flox	  mutant	  showing	  necrosis	  and	  hemorrhage	  at	  E16.5	  (arrowheads).	  (C)	  
Heart	  failure	  indicated	  by	  edema	  and	  hemorrhage	  at	  E12.5	  (arrowheads).	  (D)	  
WT1cre:Ezh2flox/flox	  mutant	  hearts	  are	  enlarged	  at	  E18.5,	  ventricles	  outlined	  by	  dashed	  lines.	  
(E)	  WT1cre:Ezh2flox/flox	  mutant	  lungs	  show	  defects	  in	  lung	  lobation	  at	  E18.5	  (arrowheads).	  (F)	  
WT1cre:Ezh2flox/flox	  mutant	  lungs	  form	  deep	  grooves	  (dashed	  line)	  at	  sites	  of	  ectopic	  smooth	  
muscle	  (arrowhead),	  which	  may	  relate	  to	  lobation	  defects.	  Scale	  bars:	  	  (A,B)	  =	  5mm,	  (C-­‐E)	  =	  
1mm,	  (F)	  =	  200um.	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Figure	  3.13	  	  Model	  of	  how	  Ezh2	  represses	  smooth	  muscle	  development	  in	  the	  lung	  
Ezh2	  represses	  Myocardin,	  the	  master	  transcription	  factor	  of	  the	  smooth	  muscle	  lineage.	  
Ezh2	  also	  represses	  Tbx18	  and	  its	  paralog	  Tbx15,	  which	  may	  contribute	  to	  a	  specialized	  
epicardial-­‐like	  niche	  that	  promotes	  smooth	  muscle	  development.	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CHAPTER	  4:	  CONCLUSIONS	  AND	  FUTURE	  DIRECTIONS	  
Summary	  
Lung	  development	  is	  complex.	  Differentiation	  of	  common	  progenitors	  in	  a	  spatiotemporally	  
appropriate	  pattern	  is	  critical	  for	  organ	  development	  and	  function	  (reviewed	  in	  Chapter	  1).	  
The	  myriad	  lineages	  of	  the	  lung	  epithelium	  arise	  from	  step-­‐wise	  specification	  from	  common	  
progenitors	  in	  the	  anterior	  foregut	  endoderm.	  The	  lung	  mesodermal	  lineages	  require	  
coordinated	  contribution	  by	  multipotent	  progenitors	  of	  the	  splanchnic	  mesoderm,	  cardiac	  
mesoderm,	  and	  mesothelium.	  In	  this	  dissertation,	  I	  investigated	  the	  requirement	  for	  the	  
PRC2	  enzyme	  Ezh2	  in	  the	  stem	  cell	  function	  of	  multiple	  lineages	  in	  the	  lungs.	  I	  found	  that	  
Ezh2	  is	  required	  to	  restrict	  ectopic	  lineage	  development	  in	  lung	  endoderm	  and	  mesoderm	  
by	  repressing	  master	  transcription	  factors	  of	  these	  lineages.	  
	   In	  Chapter	  2,	  I	  showed	  that	  Ezh2	  is	  expressed	  in	  the	  developing	  lung.	  I	  generated	  a	  
conditional	  deletion	  of	  Ezh2	  in	  the	  developing	  lung	  endoderm	  and	  found	  that	  Ezh2	  is	  
required	  to	  restrict	  Trp63+	  basal	  cells	  from	  developing	  in	  the	  intralobar	  airways,	  and	  to	  
allow	  development	  of	  secretory	  club	  cells.	  Further	  characterization	  revealed	  that	  ectopic	  
Trp63+	  basal	  cells	  received	  Notch1	  signaling	  normally	  capable	  of	  initiating	  secretory	  
differentiation,	  and	  a	  subpopulation	  of	  differentiation	  intermediates	  between	  basal	  cells	  
and	  secretory	  cells	  were	  unable	  to	  fully	  silence	  the	  basal	  cell	  program	  and	  initiate	  gene	  
expression	  specific	  to	  secretory	  club	  cell	  differentiation.	  I	  found	  that	  Ezh2	  directly	  represses	  
Pax9,	  which	  becomes	  ectopically	  expressed	  in	  the	  same	  domain	  as	  basal	  cells	  in	  the	  mutant	  
lungs.	  In	  vitro	  studies	  demonstrated	  that	  Pax9	  and	  Trp63	  do	  not	  directly	  activate	  each	  
others’	  promoters.	  However,	  transgenic	  overexpression	  of	  Pax9	  in	  developing	  lung	  
endoderm	  does	  partially	  recapitulate	  the	  Ezh2-­‐null	  phenotype	  by	  inducing	  ectopic	  basal	  
cells	  and	  inhibiting	  club	  cell	  development.	  Additionally,	  I	  conditionally	  deleted	  Ezh2	  in	  basal	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cells	  and	  club	  cells	  after	  their	  specification.	  I	  found	  that	  while	  Ezh2	  directs	  the	  development	  
of	  basal	  and	  club	  cells,	  Ezh2	  is	  not	  required	  for	  the	  stem	  cell	  function	  or	  to	  maintain	  the	  
cellular	  identity	  of	  these	  lineages	  once	  they	  are	  specified.	  	  
	   In	  Chapter	  3,	  I	  showed	  that	  Ezh2	  is	  required	  in	  the	  developing	  lung	  mesoderm	  to	  
suppress	  ectopic	  smooth	  muscle	  from	  developing	  in	  the	  mesothelium.	  Ezh2	  represses	  
expression	  of	  Myocardin,	  the	  master	  transcription	  factor	  of	  the	  smooth	  muscle	  lineage.	  Ezh2	  
loss	  does	  not	  induce	  Myocardin	  expression	  throughout	  the	  mesenchyme	  or	  mesothelium,	  
suggesting	  that	  additional	  patterning	  cues	  are	  required	  to	  activate	  the	  de-­‐repressed	  Myocd	  
locus.	  The	  epicardial	  transcription	  factor	  Tbx18	  and	  its	  paralog	  Tbx15	  are	  also	  de-­‐repressed	  
in	  Ezh2-­‐null	  mesoderm,	  and	  are	  localized	  to	  ectopic	  smooth	  muscle.	  Tbx18	  and	  Tbx15	  may	  
be	  providing	  an	  epicardial-­‐like	  niche	  that	  promotes	  mesothelial	  differentiation	  into	  ectopic	  
smooth	  muscle	  at	  the	  surface	  of	  the	  lung.	  Additionally,	  conditionally	  deleting	  Ezh2	  in	  the	  
mesothelium	  revealed	  its	  specific	  requirement	  in	  the	  mesothelium	  to	  prevent	  
differentiation	  into	  smooth	  muscle.	  
	   Ezh2	  has	  genome-­‐wide	  effects	  on	  gene	  repression,	  and	  many	  epigenetic	  
mechanisms	  likely	  cooperate	  to	  regulate	  lung	  development.	  However,	  the	  results	  presented	  
in	  this	  dissertation	  show	  that	  Ezh2	  is	  required	  during	  lung	  development	  specifically	  to	  
restrict	  the	  basal	  cell	  lineage	  from	  the	  Sox2+	  proximal	  epithelium	  and	  the	  smooth	  muscle	  
lineage	  from	  the	  lung	  mesothelium.	  
Future	  Directions	  
Complete	  mechanism	  for	  basal	  cell	  repression?	  
The	  data	  in	  Chapter	  2	  showed	  that	  Pax9	  expression	  correlates	  with	  Trp63	  expression	  and	  
can	  induce	  Trp63-­‐expressing	  basal	  cells	  in	  a	  transgenic	  lung	  that	  over-­‐expresses	  Pax9.	  
However,	  in	  vitro	  promoter	  luciferase	  assays	  did	  not	  reveal	  direct	  activation	  of	  Trp63	  by	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Pax9.	  Another	  group	  has	  since	  published	  the	  same	  basal	  cell	  phenotype,	  but	  described	  Igf	  
expression	  as	  the	  causative	  factor	  in	  ectopic	  basal	  cell	  development	  (Galvis	  et	  al.	  2015).	  
Neither	  of	  these	  studies	  described	  whether	  Pax9	  or	  Igf	  acted	  cell-­‐autonomously	  or	  non-­‐cell	  
autonomously.	  Basal	  cell	  differentiation	  is	  induced	  by	  Notch	  signaling,	  so	  a	  potential	  model	  
could	  include	  Pax9	  or	  Igf	  acting	  on	  the	  cells	  that	  do	  not	  express	  Trp63,	  and	  these	  cells	  
inducing	  Trp63	  expression	  in	  neighboring	  cells.	  A	  cell-­‐autonomous	  requirement	  of	  Ezh2	  for	  
Trp63+	  basal	  cell	  formation	  could	  be	  tested	  using	  the	  inducible	  Shh-­‐CreERT2,	  to	  recombine	  
a	  non-­‐saturating	  number	  of	  epithelial	  cells.	  If	  ShhCreERT2;Ezh2flox/flox	  mice	  can	  be	  induced	  at	  an	  
appropriate	  time	  point	  to	  delete	  Ezh2	  in	  only	  a	  fraction	  of	  the	  epithelium	  and	  still	  develop	  
ectopic	  basal	  cells,	  lineage	  tracing	  could	  show	  whether	  ectopic	  basal	  cells	  arise	  from	  the	  
Ezh2-­‐null	  cells	  or	  from	  control	  neighboring	  cells.	  
	   Two	  Ezh2	  targets—Pax9	  and	  Igf—have	  now	  been	  described	  to	  independently	  
induce	  basal	  cell	  development,	  and	  there	  may	  be	  additional	  Ezh2	  target	  genes	  that	  can	  
perform	  this	  function.	  Combined	  RNA-­‐seq	  and	  ChIP-­‐seq	  for	  H3K27me3	  has	  been	  performed	  
comparing	  control	  and	  mutant	  epithelium	  at	  E16.5	  (Galvis	  et	  al.	  2015),	  and	  this	  existing	  
dataset	  could	  be	  combed	  for	  likely	  targets	  including	  Notch	  and	  Hippo	  pathway	  members	  
that	  are	  known	  to	  influence	  basal	  cell	  fate	  decisions	  (Zhao	  et	  al.	  2014;	  Mori	  et	  al.	  2015).	  
	   Suppression	  of	  Trp63,	  the	  master	  transcription	  factor	  of	  the	  basal	  cell	  lineage,	  is	  
biologically	  important	  in	  order	  to	  balance	  the	  basal	  cell	  lineage	  with	  its	  daughter	  lineages.	  
In	  human	  lungs,	  basal	  cell	  metaplasia	  or	  hyperplasia	  in	  COPD,	  asthma,	  and	  cystic	  fibrosis	  
results	  in	  defective	  mucociliary	  airway	  clearance	  and	  obstructed	  airways	  (reviewed	  in	  
Chapter	  1).	  The	  epigenetic	  regulation	  of	  Trp63	  itself	  is	  still	  in	  question.	  It	  seems	  unlikely	  
that	  Trp63	  is	  not	  repressed	  in	  tissues	  that	  do	  not	  express	  Trp63,	  yet	  do	  express	  
transcription	  factors	  such	  as	  Sox2	  that	  directly	  activate	  Trp63’s	  promoter.	  The	  promoter	  of	  
the	  basal	  cell-­‐associated	  dNp63	  isoform	  is	  not	  decorated	  by	  H3K27me3,	  but	  this	  does	  not	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imply	  that	  Trp63	  is	  not	  epigenetically	  regulated.	  Trp63	  is	  a	  large	  gene,	  over	  200kb	  long,	  and	  
it	  could	  be	  regulated	  in	  a	  more	  complex	  manner	  than	  H3K27me3	  coverage	  of	  its	  promoters,	  
by	  3D	  genome	  architecture.	  Chromosomal	  looping	  involving	  CTCF	  is	  dependent	  on	  
H3K27me3	  in	  the	  HoxA	  gene	  cluster,	  and	  loss	  of	  this	  3D	  architecture	  affects	  HoxA	  gene	  
expression	  and	  differentiation	  in	  cell	  lines	  (Rousseau	  et	  al.	  2014;	  Xu	  et	  al.	  2014b).	  Publicly	  
available	  ChIP-­‐seq	  data	  shows	  CTCF	  sites	  near	  Trp63,	  making	  Trp63	  a	  candidate	  for	  
regulation	  by	  chromosomal	  looping.	  Trp63	  could	  be	  in	  a	  topologically	  associated	  domain	  
(TAD)	  or	  sub-­‐TAD	  that	  has	  CTCF-­‐delineated	  boundaries	  disrupted	  by	  Ezh2	  loss,	  allowing	  
access	  to	  active	  enhancers.	  Alternatively,	  a	  Trp63-­‐containing	  TAD	  that	  is	  normally	  
repressed	  as	  a	  whole	  by	  PRC2	  in	  mouse	  bronchiolar	  epithelium	  could	  be	  de-­‐repressed	  en	  
bloc	  by	  Ezh2	  loss	  (Cheutin	  and	  Cavalli	  2014;	  Dowen	  et	  al.	  2014;	  Li	  et	  al.	  2015).	  
	   To	  determine	  the	  importance	  of	  chromatin	  configuration	  in	  basal	  cell	  identity	  and	  
differentiation,	  one	  could	  isolate	  basal	  cells,	  club	  cells,	  and	  Krt8+	  differentiation	  
intermediates	  and	  determine	  how	  chromatin	  configuration	  differs	  in	  this	  step-­‐wise	  
differentiation	  process.	  Performing	  Hi-­‐C	  chromatin	  conformation	  capture	  will	  delineate	  the	  
TADs	  and	  the	  sub-­‐TADs	  associated	  with	  tissue-­‐specific	  transcriptional	  regulation.	  
Performing	  ATAC-­‐seq	  in	  will	  determine	  changes	  in	  chromatin	  accessibility	  across	  these	  
stages,	  and	  provide	  complementary	  information	  about	  the	  chromatin	  state	  of	  TADs	  and	  sub-­‐
TADs.	  Alternatively,	  this	  methodology	  could	  be	  used	  to	  ask	  questions	  about	  basal	  cell	  
specification	  from	  Sox2+	  progenitors	  across	  the	  foregut-­‐derived	  organs:	  the	  trachea,	  the	  
mouse	  bronchioles,	  and	  the	  esophagus.	  Isolating	  Sox2+	  progenitors	  from	  each	  of	  these	  
tissues	  shortly	  prior	  to	  Trp63	  expression	  could	  shed	  light	  on	  why	  the	  trachea	  and	  
esophagus	  have	  basal	  cells	  but	  the	  mouse	  bronchioles	  do	  not.	  Additionally,	  once	  acquired,	  
this	  genome-­‐wide	  data	  could	  be	  used	  to	  probe	  for	  novel	  regulatory	  differences	  between	  
respiratory	  Sox2+	  epithelium	  and	  esophageal	  Sox2+	  epithelium.	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What	  role	  do	  Hox	  genes	  play	  in	  lung	  development?	  
The	  phenotype	  of	  ectopic	  basal	  cells	  in	  the	  murine	  bronchioles	  could	  be	  viewed	  as	  a	  defect	  
in	  proximal-­‐distal	  patterning	  of	  the	  airways.	  Rather	  than	  cutting	  off	  at	  the	  extralobar-­‐
intralobar	  airway	  boundary,	  basal	  cells	  extend	  distally	  into	  intralobar	  airways	  in	  
Shhcre;Ezh2flox/flox	  lungs	  and	  also	  in	  human	  lungs.	  This	  suggests	  that	  Ezh2	  is	  mediating	  this	  
key	  evolutionary	  difference	  between	  mouse	  and	  human	  lungs.	  One	  potential	  mechanism	  for	  
Ezh2-­‐mediated	  phenotypic	  evolution	  of	  proximal-­‐distal	  organ	  identity	  segmentation	  is	  
regulation	  of	  Hox	  gene	  expression.	  Many	  Hox	  genes	  are	  upregulated	  in	  Shhcre;Ezh2flox/flox	  and	  
Dermo1cre;Ezh2flox/flox	  lungs,	  correlating	  with	  spatiotemporal	  defects	  in	  lung	  development,	  
but	  little	  data	  is	  available	  about	  Hox	  gene	  function	  in	  lung	  development	  that	  could	  help	  link	  
specific	  Hox	  genes	  to	  the	  phenotypes	  observed.	  In	  wild-­‐type	  lung	  development,	  several	  Hox	  
genes	  are	  expressed	  at	  various	  stages,	  with	  distinct	  expression	  patterns	  between	  the	  
endoderm	  and	  mesoderm	  and	  along	  the	  proximal-­‐distal	  axis	  (Maeda	  et	  al.	  2007;	  Herriges	  et	  
al.	  2012).	  Hox5	  paralogs	  have	  recently	  been	  found	  to	  be	  redundantly	  required	  for	  
expression	  of	  critical	  lung	  development	  genes	  such	  as	  Wnt2/2b	  (Hrycaj	  et	  al.	  2015).	  Hox	  
gene	  function	  has	  been	  difficult	  to	  study	  given	  the	  number,	  sequence	  similarity,	  functional	  
redundancy,	  and	  close	  genomic	  proximity	  of	  these	  genes.	  CRISPR	  technology	  now	  allows	  
manipulation	  of	  complex	  gene	  clusters,	  facilitating	  inducible	  activation	  and	  repression	  as	  
well	  as	  genetic	  deletion	  or	  modification,	  of	  multiple	  alleles	  simultaneously.	  This	  new	  
technology	  can	  be	  used	  to	  answer	  long-­‐standing	  questions	  about	  Hox	  gene	  function	  during	  
lung	  development.	  
What	  is	  the	  role	  of	  PRC2	  in	  postnatal	  lungs?	  
Ezh2	  expression	  diminishes	  in	  late	  development	  corresponding	  with	  decreased	  
proliferation,	  but	  Ezh2	  is	  re-­‐expressed	  in	  the	  adult	  lung	  during	  injury	  repair	  in	  regions	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undergoing	  proliferation.	  I	  found	  no	  adult	  phenotype	  loss	  at	  homeostasis	  or	  during	  injury	  
repair	  when	  deleting	  Ezh2	  from	  the	  club	  cell,	  basal	  cell,	  or	  alveolar	  Type	  II	  epithelial	  cells.	  
Similarly,	  no	  phenotype	  was	  observed	  by	  deleting	  Ezh2	  in	  the	  adult	  lung	  mesenchyme	  or	  
airway	  smooth	  muscle.	  These	  results	  were	  surprising,	  given	  the	  importance	  of	  PRC2	  in	  stem	  
cell	  fate	  decisions.	  	  
	   Ezh2	  is	  required	  in	  the	  regenerating	  pancreas	  and	  in	  postnatal	  skeletal	  muscle	  to	  
allow	  proliferative	  repair	  by	  repressing	  Cdkn2a/p16	  (Chen	  et	  al.	  2009b;	  Mallen-­‐St	  Clair	  et	  
al.	  2012;	  Woodhouse	  et	  al.	  2013).	  Analysis	  of	  H3K27me3	  by	  ChIP-­‐seq	  in	  postnatal	  skeletal	  
muscle	  satellite	  stem	  cells	  shows	  decoration	  of	  many	  genes	  involved	  in	  differentiation	  as	  
well	  as	  genes	  regulating	  development	  of	  other	  mesodermal	  lineages,	  consistent	  with	  its	  
function	  in	  regulating	  lineage	  decisions	  in	  stem	  cells.	  However,	  Ezh2	  loss	  in	  satellite	  cells	  
did	  not	  result	  in	  transcriptional	  activation	  of	  these	  genes,	  potentially	  due	  to	  redundant	  
epigenetic	  repression	  by	  other	  mechanisms.	  Ezh2	  expression	  is	  associated	  with	  many	  
cancers	  including	  breast,	  colon,	  lung,	  and	  blood	  cancers,	  and	  Ezh2	  inhibition	  is	  in	  clinical	  
trials	  to	  treat	  various	  of	  these	  cancers.	  However,	  Ezh2	  loss	  promotes	  development	  of	  
several	  cancers,	  suggesting	  postnatal	  roles	  other	  than	  repressing	  Cdk	  inhibitors.	  Ezh2	  loss	  
induces	  development	  of	  T	  cell	  acute	  lymphoblastic	  leukemia	  (T-­‐ALL)	  through	  dysregulation	  
of	  Notch	  signaling,	  and	  also	  promotes	  pancreatic	  intraepithelial	  neoplasia	  (PanIN)	  lesion	  
progression,	  a	  process	  also	  dependent	  on	  Notch,	  although	  the	  Ezh2-­‐Notch-­‐PanIN	  axis	  has	  
not	  been	  explored	  (Hock	  2012;	  Simon	  et	  al.	  2012;	  Avila	  and	  Kissil	  2013).	  Lung	  injury	  repair	  
processes	  involve	  proliferation	  and	  differentiation	  of	  progenitor	  cells,	  often	  regulated	  by	  
Notch,	  suggesting	  that	  Ezh2	  may	  be	  redundant	  during	  repair	  of	  adult	  lungs,	  which	  also	  
express	  Ezh1	  (Figure	  2.1	  A).	  
	   Studies	  in	  the	  epidermis	  have	  shown	  that	  Ezh1	  can	  partially	  compensate	  H3K27me3	  
levels	  after	  Ezh2	  loss	  (Ezhkova	  et	  al.	  2009).	  Other	  studies	  show	  that	  PRC2	  containing	  Ezh1	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targets	  many	  of	  the	  same	  genes	  as	  PRC2	  containing	  Ezh2,	  but	  predominantly	  inhibits	  
transcription	  by	  compacting	  chromatin	  rather	  than	  by	  enzymatic	  action	  (Margueron	  et	  al.	  
2008).	  However,	  studies	  of	  the	  adult	  epidermis	  show	  that	  single	  knockouts	  of	  Ezh1/2	  do	  not	  
have	  phenotypes,	  but	  the	  double	  Ezh1/2	  knockout	  has	  significant	  defects	  (Ezhkova	  et	  al.	  
2011).	  I	  predict	  that	  knocking	  out	  both	  Ezh1/2,	  or	  knocking	  out	  a	  non-­‐redundant	  
component	  of	  PRC2,	  such	  as	  Eed	  or	  Suz12,	  would	  have	  phenotypic	  consequences	  in	  stem	  
cell	  function	  in	  the	  adult	  lung	  during	  homeostatic	  turnover	  or	  injury	  repair.	  ChIP-­‐seq	  
analysis	  of	  H3K27me3	  occupancy	  or	  ATAC-­‐seq	  analysis	  of	  chromatin	  accessibility	  in	  the	  
stem	  cell	  populations	  could	  help	  predict	  effects	  and	  prioritize	  which	  lineage	  is	  likely	  to	  
develop	  interesting	  phenotypes.	  Recapitulation	  of	  the	  basal	  cell	  metaplasia	  phenotype	  
would	  mirror	  epithelial	  remodeling	  in	  diseases	  such	  as	  COPD,	  asthma,	  and	  cystic	  fibrosis.	  
Recapitulation	  of	  ectopic	  smooth	  muscle	  differentiation	  could	  resemble	  diseases	  such	  as	  
lymphangioleiomyomatosis,	  a	  lung	  tumor	  of	  ectopic	  smooth	  muscle,	  or	  smooth	  muscle	  
thickening	  in	  asthma	  and	  pulmonary	  hypertension.	  Results	  in	  the	  adult	  lung	  will	  indicate	  
any	  role	  for	  PRC2	  in	  promoting	  or	  preventing	  metaplasia	  or	  hyperplasia,	  which	  have	  severe	  
consequences	  in	  human	  lung	  disease.	  
Are	  there	  clonal	  sub-­‐lineages	  of	  mesothelium-­‐derived	  lung	  mesoderm,	  and	  is	  the	  
behavior	  of	  these	  cells	  regulated	  by	  PRC2?	  
Lineage	  tracing	  in	  our	  studies	  and	  others	  shows	  that	  the	  WT1	  lineage	  contributes	  to	  a	  
substantial	  amount	  of	  the	  lung	  smooth	  muscle	  and	  mesenchyme.	  It	  is	  not	  known	  whether	  
the	  mesothelial-­‐derived	  cells	  are	  functionally	  different	  from	  the	  non-­‐mesothelial-­‐derived	  
cells,	  nor	  whether	  mesothelial	  cells	  are	  predisposed	  to	  their	  respective	  fates.	  Studies	  in	  the	  
epicardium	  using	  clonal	  labeling	  of	  proepicardial	  cells	  shows	  substantial	  clonality	  in	  the	  
cells	  that	  give	  rise	  to	  coronary	  vessel	  smooth	  muscle	  versus	  the	  surrounding	  epicardium	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(Olivey	  et	  al.	  2004).	  Clonal	  analysis	  could	  similarly	  determine	  whether	  lung	  mesothelial	  
cells	  are	  pre-­‐specified,	  and	  how	  early	  this	  specification	  occurs.	  Clonal	  analysis	  using	  
WT1CreERT2	  with	  the	  Rosaconfetti	  reporter	  to	  label	  cells	  in	  the	  proepicardium	  between	  E9	  and	  
E9.5	  will	  confirm	  that	  lung	  mesothelial	  cells	  arise	  from	  the	  proepicardium,	  or	  alternatively	  
reveal	  that	  they	  have	  a	  different	  developmental	  origin.	  Early	  labeling	  the	  WT1+	  lineage	  
before	  migration	  to	  the	  lung	  will	  determine	  whether	  a	  few	  select	  cells	  migrate	  and	  
proliferate,	  or	  whether	  a	  more	  random	  assortment	  of	  cells	  migrate	  to	  the	  lung.	  Later	  
labeling	  of	  the	  mesothelium	  at	  E10.5	  after	  it	  envelopes	  the	  lung	  but	  before	  it	  begins	  inward	  
migration	  will	  clarify	  whether	  few	  select	  cells	  enter	  the	  lung	  and	  proliferate	  to	  generate	  
clonal	  patches	  of	  mesothelial-­‐derived	  cells,	  or	  whether	  mesothelial	  cells	  are	  more	  randomly	  
recruited	  to	  enter	  the	  lung.	  Limiting	  dilution	  labeling	  will	  also	  indicate	  whether	  individual	  
clones	  are	  predetermined	  to	  become	  vascular	  smooth	  muscle,	  bronchial	  smooth	  muscle,	  
and	  mesenchyme.	  If	  we	  do	  find	  any	  such	  clonal	  contribution	  to	  the	  mesothelium	  and	  
mesothelium-­‐derived	  cells,	  then	  the	  basis	  of	  lineage	  restriction	  should	  be	  determined.	  Our	  
studies	  in	  Chapter	  3	  show	  that	  Ezh2-­‐mediated	  regulation	  is	  important	  for	  mesothelial	  cell	  
fate	  decisions.	  It	  would	  be	  interesting	  to	  know	  whether	  PRC2	  is	  required	  for	  clonal	  
specification	  as	  described	  above	  during	  development,	  and	  whether	  it	  is	  required	  to	  
maintain	  cell	  fate	  in	  mesothelial-­‐derived	  mesenchyme	  or	  smooth	  muscle	  in	  models	  of	  lung	  
fibrosis.	  
Concluding	  remarks	  
In	  this	  dissertation	  I	  investigated	  the	  role	  of	  Ezh2	  in	  lineage	  decisions	  in	  lung	  endoderm	  and	  
mesoderm	  development.	  These	  investigations	  revealed	  that	  Ezh2	  has	  a	  biologically	  
important	  role	  in	  restricting	  ectopic	  lineages	  in	  the	  developing	  lung	  endoderm	  and	  
mesoderm.	  Importantly,	  these	  lineages	  are	  present	  in	  neighboring	  organs	  that	  share	  a	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common	  developmental	  origin	  with	  the	  lung,	  and	  that	  express	  partially	  overlapping	  
transcriptomes	  capable	  of	  initiating	  lineage	  development.	  Ezh2	  is	  required	  in	  the	  lung	  to	  
repress	  master	  transcription	  factors	  of	  these	  ectopic	  lineages,	  thereby	  allowing	  the	  lung	  to	  
develop	  its	  unique	  identity	  and	  features	  required	  for	  breathing.	  
	  
	   	  
	   	   	  124	  
BIBLIOGRAPHY	  
	  
	  
Aldiri	  I,	  Vetter	  ML.	  2012.	  PRC2	  during	  vertebrate	  organogenesis:	  a	  complex	  in	  transition.	  
Dev	  Biol	  367:	  91-­‐99.	  
Arnold	  K,	  Sarkar	  A,	  Yram	  MA,	  Polo	  JM,	  Bronson	  R,	  Sengupta	  S,	  Seandel	  M,	  Geijsen	  N,	  
Hochedlinger	  K.	  2011.	  Sox2(+)	  adult	  stem	  and	  progenitor	  cells	  are	  important	  for	  
tissue	  regeneration	  and	  survival	  of	  mice.	  Cell	  Stem	  Cell	  9:	  317-­‐329.	  
Asahina	  K,	  Zhou	  B,	  Pu	  WT,	  Tsukamoto	  H.	  2011.	  Septum	  transversum-­‐derived	  mesothelium	  
gives	  rise	  to	  hepatic	  stellate	  cells	  and	  perivascular	  mesenchymal	  cells	  in	  developing	  
mouse	  liver.	  Hepatology	  53:	  983-­‐995.	  
Avila	  JL,	  Kissil	  JL.	  2013.	  Notch	  signaling	  in	  pancreatic	  cancer:	  oncogene	  or	  tumor	  
suppressor?	  Trends	  Mol	  Med	  19:	  320-­‐327.	  
Bara	  I,	  Ozier	  A,	  Tunon	  de	  Lara	  J-­‐M,	  Marthan	  R,	  Berger	  P.	  2010.	  Pathophysiology	  of	  bronchial	  
smooth	  muscle	  remodelling	  in	  asthma.	  Eur	  Respir	  J	  36:	  1174-­‐1184.	  
Barkauskas	  CE,	  Cronce	  MJ,	  Rackley	  CR,	  Bowie	  EJ,	  Keene	  DR,	  Stripp	  BR,	  Randell	  SH,	  Noble	  
PW,	  Hogan	  BLM.	  2013.	  Type	  2	  alveolar	  cells	  are	  stem	  cells	  in	  adult	  lung.	  J	  Clin	  Invest	  
123:	  3025-­‐3036.	  
Blobel	  GA,	  Moll	  R,	  Franke	  WW,	  Vogt-­‐Moykopf	  I.	  1984.	  Cytokeratins	  in	  normal	  lung	  and	  lung	  
carcinomas.	  I.	  Adenocarcinomas,	  squamous	  cell	  carcinomas	  and	  cultured	  cell	  lines.	  
Virchows	  Arch	  B	  Cell	  Pathol	  Incl	  Mol	  Pathol	  45:	  407-­‐429.	  
Boers	  JE,	  Ambergen	  AW,	  Thunnissen	  FB.	  1998.	  Number	  and	  proliferation	  of	  basal	  and	  
parabasal	  cells	  in	  normal	  human	  airway	  epithelium.	  Am	  J	  Respir	  Crit	  Care	  Med	  157:	  
2000-­‐2006.	  
	   	   	  125	  
-­‐.	  1999.	  Number	  and	  proliferation	  of	  clara	  cells	  in	  normal	  human	  airway	  epithelium.	  Am	  J	  
Respir	  Crit	  Care	  Med	  159:	  1585-­‐1591.	  
Bouchard	  M,	  Grote	  D,	  Craven	  SE,	  Sun	  Q,	  Steinlein	  P,	  Busslinger	  M.	  2005.	  Identification	  of	  
Pax2-­‐regulated	  genes	  by	  expression	  profiling	  of	  the	  mid-­‐hindbrain	  organizer	  region.	  
Development	  132:	  2633-­‐2643.	  
Bourbon	  J,	  Boucherat	  O,	  Chailley-­‐Heu	  B,	  Delacourt	  C.	  2005.	  Control	  mechanisms	  of	  lung	  
alveolar	  development	  and	  their	  disorders	  in	  bronchopulmonary	  dysplasia.	  Pediatr	  
Res	  57:	  38R-­‐46R.	  
Bourbon	  JR,	  Boucherat	  O,	  Boczkowski	  J,	  Crestani	  B,	  Delacourt	  C.	  2009.	  Bronchopulmonary	  
dysplasia	  and	  emphysema:	  in	  search	  of	  common	  therapeutic	  targets.	  Trends	  Mol	  
Med	  15:	  169-­‐179.	  
Boyer	  LA,	  Plath	  K,	  Zeitlinger	  J,	  Brambrink	  T,	  Medeiros	  LA,	  Lee	  TI,	  Levine	  SS,	  Wernig	  M,	  
Tajonar	  A,	  Ray	  MK	  et	  al.	  2006.	  Polycomb	  complexes	  repress	  developmental	  
regulators	  in	  murine	  embryonic	  stem	  cells.	  Nature	  441:	  349-­‐353.	  
Bracken	  AP,	  Dietrich	  N,	  Pasini	  D,	  Hansen	  KH,	  Helin	  K.	  2006.	  Genome-­‐wide	  mapping	  of	  
Polycomb	  target	  genes	  unravels	  their	  roles	  in	  cell	  fate	  transitions.	  Genes	  Dev	  20:	  
1123-­‐1136.	  
Bracken	  AP,	  Kleine-­‐Kohlbrecher	  D,	  Dietrich	  N,	  Pasini	  D,	  Gargiulo	  G,	  Beekman	  C,	  Theilgaard-­‐
Mönch	  K,	  Minucci	  S,	  Porse	  BT,	  Marine	  J-­‐C	  et	  al.	  2007.	  The	  Polycomb	  group	  proteins	  
bind	  throughout	  the	  INK4A-­‐ARF	  locus	  and	  are	  disassociated	  in	  senescent	  cells.	  
Genes	  Dev	  21:	  525-­‐530.	  
Bracken	  AP,	  Pasini	  D,	  Capra	  M,	  Prosperini	  E,	  Colli	  E,	  Helin	  K.	  2003.	  EZH2	  is	  downstream	  of	  
the	  pRB-­‐E2F	  pathway,	  essential	  for	  proliferation	  and	  amplified	  in	  cancer.	  EMBO	  J	  
22:	  5323-­‐5335.	  
	   	   	  126	  
Cao	  D,	  Wang	  Z,	  Zhang	  C-­‐L,	  Oh	  J,	  Xing	  W,	  Li	  S,	  Richardson	  JA,	  Wang	  D-­‐Z,	  Olson	  EN.	  2005.	  
Modulation	  of	  smooth	  muscle	  gene	  expression	  by	  association	  of	  histone	  
acetyltransferases	  and	  deacetylases	  with	  myocardin.	  Mol	  Cell	  Biol	  25:	  364-­‐376.	  
Cardoso	  WV,	  Lü	  J.	  2006.	  Regulation	  of	  early	  lung	  morphogenesis:	  questions,	  facts	  and	  
controversies.	  Development	  133:	  1611-­‐1624.	  
Chamberlain	  SJ,	  Yee	  D,	  Magnuson	  T.	  2008.	  Polycomb	  repressive	  complex	  2	  is	  dispensable	  
for	  maintenance	  of	  embryonic	  stem	  cell	  pluripotency.	  Stem	  Cells	  26:	  1496-­‐1505.	  
Chen	  G,	  Korfhagen	  TR,	  Xu	  Y,	  Kitzmiller	  J,	  Wert	  SE,	  Maeda	  Y,	  Gregorieff	  A,	  Clevers	  H,	  Whitsett	  
JA.	  2009a.	  SPDEF	  is	  required	  for	  mouse	  pulmonary	  goblet	  cell	  differentiation	  and	  
regulates	  a	  network	  of	  genes	  associated	  with	  mucus	  production.	  J	  Clin	  Invest	  119:	  
2914-­‐2924.	  
Chen	  H,	  Gu	  X,	  Su	  I-­‐h,	  Bottino	  R,	  Contreras	  JL,	  Tarakhovsky	  A,	  Kim	  SK.	  2009b.	  Polycomb	  
protein	  Ezh2	  regulates	  pancreatic	  beta-­‐cell	  Ink4a/Arf	  expression	  and	  regeneration	  
in	  diabetes	  mellitus.	  Genes	  Dev	  23:	  975-­‐985.	  
Chen	  L,	  Ma	  Y,	  Kim	  EY,	  Yu	  W,	  Schwartz	  RJ,	  Qian	  L,	  Wang	  J.	  2012.	  Conditional	  ablation	  of	  Ezh2	  
in	  murine	  hearts	  reveals	  its	  essential	  roles	  in	  endocardial	  cushion	  formation,	  
cardiomyocyte	  proliferation	  and	  survival.	  PLoS	  One	  7:	  e31005.	  
Cheutin	  T,	  Cavalli	  G.	  2014.	  Polycomb	  silencing:	  from	  linear	  chromatin	  domains	  to	  3D	  
chromosome	  folding.	  Curr	  Opin	  Genet	  Dev	  25:	  30-­‐37.	  
Cifuentes-­‐Rojas	  C,	  Hernandez	  AJ,	  Sarma	  K,	  Lee	  JT.	  2014.	  Regulatory	  interactions	  between	  
RNA	  and	  polycomb	  repressive	  complex	  2.	  Mol	  Cell	  55:	  171-­‐185.	  
	   	   	  127	  
Cohen	  ED,	  Ihida-­‐Stansbury	  K,	  Lu	  MM,	  Panettieri	  RA,	  Jones	  PL,	  Morrisey	  EE.	  2009.	  Wnt	  
signaling	  regulates	  smooth	  muscle	  precursor	  development	  in	  the	  mouse	  lung	  via	  a	  
tenascin	  C/PDGFR	  pathway.	  J	  Clin	  Invest	  119:	  2538-­‐2549.	  
Davidovich	  C,	  Zheng	  L,	  Goodrich	  KJ,	  Cech	  TR.	  2013.	  Promiscuous	  RNA	  binding	  by	  Polycomb	  
repressive	  complex	  2.	  Nat	  Struct	  Mol	  Biol	  20:	  1250-­‐1257.	  
De	  Langhe	  SP,	  Carraro	  G,	  Warburton	  D,	  Hajihosseini	  MK,	  Bellusci	  S.	  2006.	  Levels	  of	  
mesenchymal	  FGFR2	  signaling	  modulate	  smooth	  muscle	  progenitor	  cell	  
commitment	  in	  the	  lung.	  Dev	  Biol	  299:	  52-­‐62.	  
Delgado-­‐Olguín	  P,	  Dang	  LT,	  He	  D,	  Thomas	  S,	  Chi	  L,	  Sukonnik	  T,	  Khyzha	  N,	  Dobenecker	  M-­‐W,	  
Fish	  JE,	  Bruneau	  BG.	  2014.	  Ezh2-­‐mediated	  repression	  of	  a	  transcriptional	  pathway	  
upstream	  of	  Mmp9	  maintains	  integrity	  of	  the	  developing	  vasculature.	  Development	  
141:	  4610-­‐4617.	  
Delgado-­‐Olguín	  P,	  Huang	  Y,	  Li	  X,	  Christodoulou	  D,	  Seidman	  CE,	  Seidman	  JG,	  Tarakhovsky	  A,	  
Bruneau	  BG.	  2012.	  Epigenetic	  repression	  of	  cardiac	  progenitor	  gene	  expression	  by	  
Ezh2	  is	  required	  for	  postnatal	  cardiac	  homeostasis.	  Nat	  Genet	  44:	  343-­‐347.	  
Di	  Croce	  L,	  Helin	  K.	  2013.	  Transcriptional	  regulation	  by	  Polycomb	  group	  proteins.	  Nat	  
Struct	  Mol	  Biol	  20:	  1147-­‐1155.	  
Dixit	  R,	  Ai	  X,	  Fine	  A.	  2013.	  Derivation	  of	  lung	  mesenchymal	  lineages	  from	  the	  fetal	  
mesothelium	  requires	  hedgehog	  signaling	  for	  mesothelial	  cell	  entry.	  Development	  
140:	  4398-­‐4406.	  
Dowen	  JM,	  Fan	  ZP,	  Hnisz	  D,	  Ren	  G,	  Abraham	  BJ,	  Zhang	  LN,	  Weintraub	  AS,	  Schuijers	  J,	  Lee	  TI,	  
Zhao	  K	  et	  al.	  2014.	  Control	  of	  cell	  identity	  genes	  occurs	  in	  insulated	  neighborhoods	  
in	  mammalian	  chromosomes.	  Cell	  159:	  374-­‐387.	  
	   	   	  128	  
Du	  KL,	  Ip	  HS,	  Li	  J,	  Chen	  M,	  Dandre	  F,	  Yu	  W,	  Lu	  MM,	  Owens	  GK,	  Parmacek	  MS.	  2003.	  
Myocardin	  is	  a	  critical	  serum	  response	  factor	  cofactor	  in	  the	  transcriptional	  
program	  regulating	  smooth	  muscle	  cell	  differentiation.	  Mol	  Cell	  Biol	  23:	  2425-­‐2437.	  
Ezhkova	  E,	  Lien	  W-­‐H,	  Stokes	  N,	  Pasolli	  HA,	  Silva	  JM,	  Fuchs	  E.	  2011.	  EZH1	  and	  EZH2	  
cogovern	  histone	  H3K27	  trimethylation	  and	  are	  essential	  for	  hair	  follicle	  
homeostasis	  and	  wound	  repair.	  Genes	  Dev	  25:	  485-­‐498.	  
Ezhkova	  E,	  Pasolli	  HA,	  Parker	  JS,	  Stokes	  N,	  Su	  I-­‐h,	  Hannon	  G,	  Tarakhovsky	  A,	  Fuchs	  E.	  2009.	  
Ezh2	  orchestrates	  gene	  expression	  for	  the	  stepwise	  differentiation	  of	  tissue-­‐specific	  
stem	  cells.	  Cell	  136:	  1122-­‐1135.	  
Farin	  HF,	  Bussen	  M,	  Schmidt	  MK,	  Singh	  MK,	  Schuster-­‐Gossler	  K,	  Kispert	  A.	  2007.	  
Transcriptional	  repression	  by	  the	  T-­‐box	  proteins	  Tbx18	  and	  Tbx15	  depends	  on	  
Groucho	  corepressors.	  J	  Biol	  Chem	  282:	  25748-­‐25759.	  
Faust	  C,	  Lawson	  KA,	  Schork	  NJ,	  Thiel	  B,	  Magnuson	  T.	  1998.	  The	  Polycomb-­‐group	  gene	  eed	  is	  
required	  for	  normal	  morphogenetic	  movements	  during	  gastrulation	  in	  the	  mouse	  
embryo.	  Development	  125:	  4495-­‐4506.	  
Galvis	  LA,	  Holik	  AZ,	  Short	  KM,	  Pasquet	  J,	  Lun	  ATL,	  Blewitt	  ME,	  Smyth	  IM,	  Ritchie	  ME,	  
Asselin-­‐Labat	  M-­‐L.	  2015.	  Repression	  of	  Igf1	  expression	  by	  Ezh2	  prevents	  basal	  cell	  
differentiation	  in	  the	  developing	  lung.	  Development	  142:	  1458-­‐1469.	  
Gomez	  D,	  Swiatlowska	  P,	  Owens	  GK.	  2015.	  Epigenetic	  Control	  of	  Smooth	  Muscle	  Cell	  
Identity	  and	  Lineage	  Memory.	  Arterioscler	  Thromb	  Vasc	  Biol.	  
Gontan	  C,	  de	  Munck	  A,	  Vermeij	  M,	  Grosveld	  F,	  Tibboel	  D,	  Rottier	  R.	  2008.	  Sox2	  is	  important	  
for	  two	  crucial	  processes	  in	  lung	  development:	  branching	  morphogenesis	  and	  
epithelial	  cell	  differentiation.	  Dev	  Biol	  317:	  296-­‐309.	  
	   	   	  129	  
Goss	  AM,	  Tian	  Y,	  Cheng	  L,	  Yang	  J,	  Zhou	  D,	  Cohen	  ED,	  Morrisey	  EE.	  2011.	  Wnt2	  signaling	  is	  
necessary	  and	  sufficient	  to	  activate	  the	  airway	  smooth	  muscle	  program	  in	  the	  lung	  
by	  regulating	  myocardin/Mrtf-­‐B	  and	  Fgf10	  expression.	  Dev	  Biol	  356:	  541-­‐552.	  
Grieskamp	  T,	  Rudat	  C,	  Lüdtke	  TH-­‐W,	  Norden	  J,	  Kispert	  A.	  2011.	  Notch	  signaling	  regulates	  
smooth	  muscle	  differentiation	  of	  epicardium-­‐derived	  cells.	  Circ	  Res	  108:	  813-­‐823.	  
Grosskreutz	  CL,	  Anand-­‐Apte	  B,	  Dupláa	  C,	  Quinn	  TP,	  Terman	  BI,	  Zetter	  B,	  D'Amore	  PA.	  1999.	  
Vascular	  endothelial	  growth	  factor-­‐induced	  migration	  of	  vascular	  smooth	  muscle	  
cells	  in	  vitro.	  Microvasc	  Res	  58:	  128-­‐136.	  
Guha	  A,	  Vasconcelos	  M,	  Cai	  Y,	  Yoneda	  M,	  Hinds	  A,	  Qian	  J,	  Li	  G,	  Dickel	  L,	  Johnson	  JE,	  Kimura	  S	  
et	  al.	  2012.	  Neuroepithelial	  body	  microenvironment	  is	  a	  niche	  for	  a	  distinct	  subset	  
of	  Clara-­‐like	  precursors	  in	  the	  developing	  airways.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  109:	  
12592-­‐12597.	  
Guo	  X,	  Chen	  S-­‐Y.	  2012.	  Transforming	  growth	  factor-­‐β	  and	  smooth	  muscle	  differentiation.	  
World	  J	  Biol	  Chem	  3:	  41-­‐52.	  
Harfe	  BD,	  Scherz	  PJ,	  Nissim	  S,	  Tian	  H,	  McMahon	  AP,	  Tabin	  CJ.	  2004.	  Evidence	  for	  an	  
expansion-­‐based	  temporal	  Shh	  gradient	  in	  specifying	  vertebrate	  digit	  identities.	  Cell	  
118:	  517-­‐528.	  
He	  A,	  Ma	  Q,	  Cao	  J,	  von	  Gise	  A,	  Zhou	  P,	  Xie	  H,	  Zhang	  B,	  Hsing	  M,	  Christodoulou	  DC,	  Cahan	  P	  et	  
al.	  2012.	  Polycomb	  repressive	  complex	  2	  regulates	  normal	  development	  of	  the	  
mouse	  heart.	  Circ	  Res	  110:	  406-­‐415.	  
Hellström	  M,	  Kalén	  M,	  Lindahl	  P,	  Abramsson	  A,	  Betsholtz	  C.	  1999.	  Role	  of	  PDGF-­‐B	  and	  
PDGFR-­‐beta	  in	  recruitment	  of	  vascular	  smooth	  muscle	  cells	  and	  pericytes	  during	  
embryonic	  blood	  vessel	  formation	  in	  the	  mouse.	  Development	  126:	  3047-­‐3055.	  
	   	   	  130	  
Herriges	  JC,	  Yi	  L,	  Hines	  EA,	  Harvey	  JF,	  Xu	  G,	  Gray	  PA,	  Ma	  Q,	  Sun	  X.	  2012.	  Genome-­‐scale	  study	  
of	  transcription	  factor	  expression	  in	  the	  branching	  mouse	  lung.	  Dev	  Dyn	  241:	  1432-­‐
1453.	  
Herriges	  M,	  Morrisey	  EE.	  2014.	  Lung	  development:	  orchestrating	  the	  generation	  and	  
regeneration	  of	  a	  complex	  organ.	  Development	  141:	  502-­‐513.	  
Herriges	  MJ,	  Swarr	  DT,	  Morley	  MP,	  Rathi	  KS,	  Peng	  T,	  Stewart	  KM,	  Morrisey	  EE.	  2014.	  Long	  
noncoding	  RNAs	  are	  spatially	  correlated	  with	  transcription	  factors	  and	  regulate	  
lung	  development.	  Genes	  Dev	  28:	  1363-­‐1379.	  
Hines	  EA,	  Jones	  MK,	  Verheyden	  JM,	  Harvey	  JF,	  Sun	  X.	  2013.	  Establishment	  of	  smooth	  muscle	  
and	  cartilage	  juxtaposition	  in	  the	  developing	  mouse	  upper	  airways.	  Proc	  Natl	  Acad	  
Sci	  U	  S	  A	  110:	  19444-­‐19449.	  
Hock	  H.	  2012.	  A	  complex	  Polycomb	  issue:	  the	  two	  faces	  of	  EZH2	  in	  cancer.	  Genes	  Dev	  26:	  
751-­‐755.	  
Hogan	  BLM,	  Barkauskas	  CE,	  Chapman	  HA,	  Epstein	  JA,	  Jain	  R,	  Hsia	  CCW,	  Niklason	  L,	  Calle	  E,	  
Le	  A,	  Randell	  SH	  et	  al.	  2014.	  Repair	  and	  regeneration	  of	  the	  respiratory	  system:	  
complexity,	  plasticity,	  and	  mechanisms	  of	  lung	  stem	  cell	  function.	  Cell	  Stem	  Cell	  15:	  
123-­‐138.	  
Hrycaj	  SM,	  Dye	  BR,	  Baker	  NC,	  Larsen	  BM,	  Burke	  AC,	  Spence	  JR,	  Wellik	  DM.	  2015.	  Hox5	  
Genes	  Regulate	  the	  Wnt2/2b-­‐Bmp4-­‐Signaling	  Axis	  during	  Lung	  Development.	  Cell	  
Rep	  12:	  903-­‐912.	  
Huang	  SK,	  Scruggs	  AM,	  Donaghy	  J,	  Horowitz	  JC,	  Zaslona	  Z,	  Przybranowski	  S,	  White	  ES,	  
Peters-­‐Golden	  M.	  2013.	  Histone	  modifications	  are	  responsible	  for	  decreased	  Fas	  
expression	  and	  apoptosis	  resistance	  in	  fibrotic	  lung	  fibroblasts.	  Cell	  Death	  Dis	  4:	  
e621.	  
	   	   	  131	  
Ito	  K,	  Caramori	  G,	  Lim	  S,	  Oates	  T,	  Chung	  KF,	  Barnes	  PJ,	  Adcock	  IM.	  2002.	  Expression	  and	  
activity	  of	  histone	  deacetylases	  in	  human	  asthmatic	  airways.	  Am	  J	  Respir	  Crit	  Care	  
Med	  166:	  392-­‐396.	  
Ito	  K,	  Ito	  M,	  Elliott	  WM,	  Cosio	  B,	  Caramori	  G,	  Kon	  OM,	  Barczyk	  A,	  Hayashi	  S,	  Adcock	  IM,	  Hogg	  
JC	  et	  al.	  2005.	  Decreased	  histone	  deacetylase	  activity	  in	  chronic	  obstructive	  
pulmonary	  disease.	  The	  New	  England	  journal	  of	  medicine	  352:	  1967-­‐1976.	  
Jain	  R,	  Barkauskas	  CE,	  Takeda	  N,	  Bowie	  EJ,	  Aghajanian	  H,	  Wang	  Q,	  Padmanabhan	  A,	  
Manderfield	  LJ,	  Gupta	  M,	  Li	  D	  et	  al.	  2015.	  Plasticity	  of	  Hopx(+)	  type	  I	  alveolar	  cells	  to	  
regenerate	  type	  II	  cells	  in	  the	  lung.	  Nat	  Commun	  6:	  6727.	  
Jeong	  J,	  Mao	  J,	  Tenzen	  T,	  Kottmann	  AH,	  McMahon	  AP.	  2004.	  Hedgehog	  signaling	  in	  the	  
neural	  crest	  cells	  regulates	  the	  patterning	  and	  growth	  of	  facial	  primordia.	  Genes	  Dev	  
18:	  937-­‐951.	  
Juan	  AH,	  Derfoul	  A,	  Feng	  X,	  Ryall	  JG,	  Dell'Orso	  S,	  Pasut	  A,	  Zare	  H,	  Simone	  JM,	  Rudnicki	  MA,	  
Sartorelli	  V.	  2011.	  Polycomb	  EZH2	  controls	  self-­‐renewal	  and	  safeguards	  the	  
transcriptional	  identity	  of	  skeletal	  muscle	  stem	  cells.	  Genes	  Dev	  25:	  789-­‐794.	  
Kadzik	  RS,	  Morrisey	  EE.	  2012.	  Directing	  lung	  endoderm	  differentiation	  in	  pluripotent	  stem	  
cells.	  Cell	  Stem	  Cell	  10:	  355-­‐361.	  
Karki	  S,	  Surolia	  R,	  Hock	  TD,	  Guroji	  P,	  Zolak	  JS,	  Duggal	  R,	  Ye	  T,	  Thannickal	  VJ,	  Antony	  VB.	  
2014.	  Wilms'	  tumor	  1	  (Wt1)	  regulates	  pleural	  mesothelial	  cell	  plasticity	  and	  
transition	  into	  myofibroblasts	  in	  idiopathic	  pulmonary	  fibrosis.	  FASEB	  J	  28:	  1122-­‐
1131.	  
Kimura	  S,	  Hara	  Y,	  Pineau	  T,	  Fernandez-­‐Salguero	  P,	  Fox	  CH,	  Ward	  JM,	  Gonzalez	  FJ.	  1996.	  The	  
T/ebp	  null	  mouse:	  thyroid-­‐specific	  enhancer-­‐binding	  protein	  is	  essential	  for	  the	  
	   	   	  132	  
organogenesis	  of	  the	  thyroid,	  lung,	  ventral	  forebrain,	  and	  pituitary.	  Genes	  Dev	  10:	  
60-­‐69.	  
Kraus	  F,	  Haenig	  B,	  Kispert	  A.	  2001.	  Cloning	  and	  expression	  analysis	  of	  the	  mouse	  T-­‐box	  gene	  
Tbx18.	  Mech	  Dev	  100:	  83-­‐86.	  
Lee	  TI,	  Jenner	  RG,	  Boyer	  LA,	  Guenther	  MG,	  Levine	  SS,	  Kumar	  RM,	  Chevalier	  B,	  Johnstone	  SE,	  
Cole	  MF,	  Isono	  K-­‐i	  et	  al.	  2006.	  Control	  of	  developmental	  regulators	  by	  Polycomb	  in	  
human	  embryonic	  stem	  cells.	  Cell	  125:	  301-­‐313.	  
Lewis	  EB.	  1978.	  A	  gene	  complex	  controlling	  segmentation	  in	  Drosophila.	  Nature	  276:	  565-­‐
570.	  
Li	  C,	  Chen	  H,	  Hu	  L,	  Xing	  Y,	  Sasaki	  T,	  Villosis	  MF,	  Li	  J,	  Nishita	  M,	  Minami	  Y,	  Minoo	  P.	  2008.	  
Ror2	  modulates	  the	  canonical	  Wnt	  signaling	  in	  lung	  epithelial	  cells	  through	  
cooperation	  with	  Fzd2.	  BMC	  Mol	  Biol	  9:	  11.	  
Li	  C,	  Hu	  L,	  Xiao	  J,	  Chen	  H,	  Li	  JT,	  Bellusci	  S,	  Delanghe	  S,	  Minoo	  P.	  2005.	  Wnt5a	  regulates	  Shh	  
and	  Fgf10	  signaling	  during	  lung	  development.	  Dev	  Biol	  287:	  86-­‐97.	  
Li	  C,	  Xiao	  J,	  Hormi	  K,	  Borok	  Z,	  Minoo	  P.	  2002.	  Wnt5a	  participates	  in	  distal	  lung	  
morphogenesis.	  Dev	  Biol	  248:	  68-­‐81.	  
Li	  L,	  Lyu	  X,	  Hou	  C,	  Takenaka	  N,	  Nguyen	  HQ,	  Ong	  C-­‐T,	  Cubeñas-­‐Potts	  C,	  Hu	  M,	  Lei	  EP,	  Bosco	  G	  
et	  al.	  2015.	  Widespread	  rearrangement	  of	  3D	  chromatin	  organization	  underlies	  
polycomb-­‐mediated	  stress-­‐induced	  silencing.	  Mol	  Cell	  58:	  216-­‐231.	  
Li	  S,	  Wang	  Y,	  Zhang	  Y,	  Lu	  MM,	  DeMayo	  FJ,	  Dekker	  JD,	  Tucker	  PW,	  Morrisey	  EE.	  2012.	  
Foxp1/4	  control	  epithelial	  cell	  fate	  during	  lung	  development	  and	  regeneration	  
through	  regulation	  of	  anterior	  gradient	  2.	  Development	  139:	  2500-­‐2509.	  
	   	   	  133	  
Li	  Y,	  Wang	  J,	  Asahina	  K.	  2013.	  Mesothelial	  cells	  give	  rise	  to	  hepatic	  stellate	  cells	  and	  
myofibroblasts	  via	  mesothelial-­‐mesenchymal	  transition	  in	  liver	  injury.	  Proc	  Natl	  
Acad	  Sci	  U	  S	  A	  110:	  2324-­‐2329.	  
Liu	  C,	  Morrisey	  EE,	  Whitsett	  JA.	  2002.	  GATA-­‐6	  is	  required	  for	  maturation	  of	  the	  lung	  in	  late	  
gestation.	  Am	  J	  Physiol	  Lung	  Cell	  Mol	  Physiol	  283:	  L468-­‐475.	  
Maeda	  Y,	  Davé	  V,	  Whitsett	  JA.	  2007.	  Transcriptional	  control	  of	  lung	  morphogenesis.	  Physiol	  
Rev	  87:	  219-­‐244.	  
Mailleux	  AA,	  Kelly	  R,	  Veltmaat	  JM,	  De	  Langhe	  SP,	  Zaffran	  S,	  Thiery	  JP,	  Bellusci	  S.	  2005.	  Fgf10	  
expression	  identifies	  parabronchial	  smooth	  muscle	  cell	  progenitors	  and	  is	  required	  
for	  their	  entry	  into	  the	  smooth	  muscle	  cell	  lineage.	  Development	  132:	  2157-­‐2166.	  
Mallen-­‐St	  Clair	  J,	  Soydaner-­‐Azeloglu	  R,	  Lee	  KE,	  Taylor	  L,	  Livanos	  A,	  Pylayeva-­‐Gupta	  Y,	  Miller	  
G,	  Margueron	  R,	  Reinberg	  D,	  Bar-­‐Sagi	  D.	  2012.	  EZH2	  couples	  pancreatic	  
regeneration	  to	  neoplastic	  progression.	  Genes	  Dev	  26:	  439-­‐444.	  
Margueron	  R,	  Li	  G,	  Sarma	  K,	  Blais	  A,	  Zavadil	  J,	  Woodcock	  CL,	  Dynlacht	  BD,	  Reinberg	  D.	  2008.	  
Ezh1	  and	  Ezh2	  maintain	  repressive	  chromatin	  through	  different	  mechanisms.	  Mol	  
Cell	  32:	  503-­‐518.	  
Margueron	  R,	  Reinberg	  D.	  2011.	  The	  Polycomb	  complex	  PRC2	  and	  its	  mark	  in	  life.	  Nature	  
469:	  343-­‐349.	  
McDonald	  OG,	  Owens	  GK.	  2007.	  Programming	  smooth	  muscle	  plasticity	  with	  chromatin	  
dynamics.	  Circ	  Res	  100:	  1428-­‐1441.	  
Metzger	  RJ,	  Klein	  OD,	  Martin	  GR,	  Krasnow	  MA.	  2008.	  The	  branching	  programme	  of	  mouse	  
lung	  development.	  Nature	  453:	  745-­‐750.	  
	   	   	  134	  
Mikawa	  T,	  Gourdie	  RG.	  1996.	  Pericardial	  mesoderm	  generates	  a	  population	  of	  coronary	  
smooth	  muscle	  cells	  migrating	  into	  the	  heart	  along	  with	  ingrowth	  of	  the	  epicardial	  
organ.	  Dev	  Biol	  174:	  221-­‐232.	  
Miller	  L-­‐AD,	  Wert	  SE,	  Clark	  JC,	  Xu	  Y,	  Perl	  A-­‐KT,	  Whitsett	  JA.	  2004.	  Role	  of	  Sonic	  hedgehog	  in	  
patterning	  of	  tracheal-­‐bronchial	  cartilage	  and	  the	  peripheral	  lung.	  Dev	  Dyn	  231:	  57-­‐
71.	  
Minoo	  P,	  Su	  G,	  Drum	  H,	  Bringas	  P,	  Kimura	  S.	  1999.	  Defects	  in	  tracheoesophageal	  and	  lung	  
morphogenesis	  in	  Nkx2.1(-­‐/-­‐)	  mouse	  embryos.	  Dev	  Biol	  209:	  60-­‐71.	  
Mochizuki-­‐Kashio	  M,	  Mishima	  Y,	  Miyagi	  S,	  Negishi	  M,	  Saraya	  A,	  Konuma	  T,	  Shinga	  J,	  Koseki	  
H,	  Iwama	  A.	  2011.	  Dependency	  on	  the	  polycomb	  gene	  Ezh2	  distinguishes	  fetal	  from	  
adult	  hematopoietic	  stem	  cells.	  Blood	  118:	  6553-­‐6561.	  
Mori	  M,	  Mahoney	  JE,	  Stupnikov	  MR,	  Paez-­‐Cortez	  JR,	  Szymaniak	  AD,	  Varelas	  X,	  Herrick	  DB,	  
Schwob	  J,	  Zhang	  H,	  Cardoso	  WV.	  2015.	  Notch3-­‐Jagged	  signaling	  controls	  the	  pool	  of	  
undifferentiated	  airway	  progenitors.	  Development	  142:	  258-­‐267.	  
Morimoto	  M,	  Liu	  Z,	  Cheng	  H-­‐T,	  Winters	  N,	  Bader	  D,	  Kopan	  R.	  2010.	  Canonical	  Notch	  
signaling	  in	  the	  developing	  lung	  is	  required	  for	  determination	  of	  arterial	  smooth	  
muscle	  cells	  and	  selection	  of	  Clara	  versus	  ciliated	  cell	  fate.	  J	  Cell	  Sci	  123:	  213-­‐224.	  
Morimoto	  M,	  Nishinakamura	  R,	  Saga	  Y,	  Kopan	  R.	  2012.	  Different	  assemblies	  of	  Notch	  
receptors	  coordinate	  the	  distribution	  of	  the	  major	  bronchial	  Clara,	  ciliated	  and	  
neuroendocrine	  cells.	  Development	  139:	  4365-­‐4373.	  
Morrisey	  EE,	  Cardoso	  WV,	  Lane	  RH,	  Rabinovitch	  M,	  Abman	  SH,	  Ai	  X,	  Albertine	  KH,	  Bland	  RD,	  
Chapman	  HA,	  Checkley	  W	  et	  al.	  2013.	  Molecular	  determinants	  of	  lung	  development.	  
Ann	  Am	  Thorac	  Soc	  10:	  S12-­‐16.	  
	   	   	  135	  
Morrisey	  EE,	  Hogan	  BLM.	  2010.	  Preparing	  for	  the	  first	  breath:	  genetic	  and	  cellular	  
mechanisms	  in	  lung	  development.	  Dev	  Cell	  18:	  8-­‐23.	  
Mubarak	  KK,	  Montes-­‐Worboys	  A,	  Regev	  D,	  Nasreen	  N,	  Mohammed	  KA,	  Faruqi	  I,	  Hensel	  E,	  
Baz	  MA,	  Akindipe	  OA,	  Fernandez-­‐Bussy	  S	  et	  al.	  2012.	  Parenchymal	  trafficking	  of	  
pleural	  mesothelial	  cells	  in	  idiopathic	  pulmonary	  fibrosis.	  Eur	  Respir	  J	  39:	  133-­‐140.	  
Mutsaers	  SE,	  Birnie	  K,	  Lansley	  S,	  Herrick	  SE,	  Lim	  C-­‐B,	  Prêle	  CM.	  2015.	  Mesothelial	  cells	  in	  
tissue	  repair	  and	  fibrosis.	  Front	  Pharmacol	  6:	  113.	  
Muzumdar	  MD,	  Tasic	  B,	  Miyamichi	  K,	  Li	  L,	  Luo	  L.	  2007.	  A	  global	  double-­‐fluorescent	  Cre	  
reporter	  mouse.	  Genesis	  45:	  593-­‐605.	  
Nagarajan	  P,	  Ge	  Z,	  Sirbu	  B,	  Doughty	  C,	  Agudelo	  Garcia	  PA,	  Schlederer	  M,	  Annunziato	  AT,	  
Cortez	  D,	  Kenner	  L,	  Parthun	  MR.	  2013.	  Histone	  acetyl	  transferase	  1	  is	  essential	  for	  
mammalian	  development,	  genome	  stability,	  and	  the	  processing	  of	  newly	  
synthesized	  histones	  H3	  and	  H4.	  PLoS	  Genet	  9:	  e1003518.	  
O'Carroll	  D,	  Erhardt	  S,	  Pagani	  M,	  Barton	  SC,	  Surani	  MA,	  Jenuwein	  T.	  2001.	  The	  polycomb-­‐
group	  gene	  Ezh2	  is	  required	  for	  early	  mouse	  development.	  Mol	  Cell	  Biol	  21:	  4330-­‐
4336.	  
Olivey	  HE,	  Compton	  LA,	  Barnett	  JV.	  2004.	  Coronary	  vessel	  development:	  the	  epicardium	  
delivers.	  Trends	  Cardiovasc	  Med	  14:	  247-­‐251.	  
Pardo-­‐Saganta	  A,	  Law	  BM,	  Tata	  PR,	  Villoria	  J,	  Saez	  B,	  Mou	  H,	  Zhao	  R,	  Rajagopal	  J.	  2015a.	  
Injury	  Induces	  Direct	  Lineage	  Segregation	  of	  Functionally	  Distinct	  Airway	  Basal	  
Stem/Progenitor	  Cell	  Subpopulations.	  Cell	  Stem	  Cell	  16:	  184-­‐197.	  
	   	   	  136	  
Pardo-­‐Saganta	  A,	  Tata	  PR,	  Law	  BM,	  Saez	  B,	  Chow	  RD-­‐W,	  Prabhu	  M,	  Gridley	  T,	  Rajagopal	  J.	  
2015b.	  Parent	  stem	  cells	  can	  serve	  as	  niches	  for	  their	  daughter	  cells.	  Nature	  523:	  
597-­‐601.	  
Parmacek	  MS.	  2007.	  Myocardin-­‐related	  transcription	  factors:	  critical	  coactivators	  
regulating	  cardiovascular	  development	  and	  adaptation.	  Circ	  Res	  100:	  633-­‐644.	  
Pasini	  D,	  Bracken	  AP,	  Hansen	  JB,	  Capillo	  M,	  Helin	  K.	  2007.	  The	  polycomb	  group	  protein	  
Suz12	  is	  required	  for	  embryonic	  stem	  cell	  differentiation.	  Mol	  Cell	  Biol	  27:	  3769-­‐
3779.	  
Pasini	  D,	  Bracken	  AP,	  Jensen	  MR,	  Lazzerini	  Denchi	  E,	  Helin	  K.	  2004.	  Suz12	  is	  essential	  for	  
mouse	  development	  and	  for	  EZH2	  histone	  methyltransferase	  activity.	  EMBO	  J	  23:	  
4061-­‐4071.	  
Pellegrini	  L,	  Tan	  S,	  Richmond	  TJ.	  1995.	  Structure	  of	  serum	  response	  factor	  core	  bound	  to	  
DNA.	  Nature	  376:	  490-­‐498.	  
Peng	  T,	  Tian	  Y,	  Boogerd	  CJ,	  Lu	  MM,	  Kadzik	  RS,	  Stewart	  KM,	  Evans	  SM,	  Morrisey	  EE.	  2013.	  
Coordination	  of	  heart	  and	  lung	  co-­‐development	  by	  a	  multipotent	  cardiopulmonary	  
progenitor.	  Nature	  500:	  589-­‐592.	  
Peters	  H,	  Neubuser	  A,	  Kratochwil	  K,	  Balling	  R.	  1998.	  Pax9-­‐deficient	  mice	  lack	  pharyngeal	  
pouch	  derivatives	  and	  teeth	  and	  exhibit	  craniofacial	  and	  limb	  abnormalities.	  Genes	  
Dev	  12:	  2735-­‐2747.	  
Que	  J,	  Luo	  X,	  Schwartz	  RJ,	  Hogan	  BL.	  2009.	  Multiple	  roles	  for	  Sox2	  in	  the	  developing	  and	  
adult	  mouse	  trachea.	  Development	  136:	  1899-­‐1907.	  
	   	   	  137	  
Que	  J,	  Okubo	  T,	  Goldenring	  JR,	  Nam	  K-­‐T,	  Kurotani	  R,	  Morrisey	  EE,	  Taranova	  O,	  Pevny	  LH,	  
Hogan	  BLM.	  2007.	  Multiple	  dose-­‐dependent	  roles	  for	  Sox2	  in	  the	  patterning	  and	  
differentiation	  of	  anterior	  foregut	  endoderm.	  Development	  134:	  2521-­‐2531.	  
Que	  J,	  Wilm	  B,	  Hasegawa	  H,	  Wang	  F,	  Bader	  D,	  Hogan	  BLM.	  2008.	  Mesothelium	  contributes	  to	  
vascular	  smooth	  muscle	  and	  mesenchyme	  during	  lung	  development.	  Proc	  Natl	  Acad	  
Sci	  U	  S	  A	  105:	  16626-­‐16630.	  
Raines	  EW.	  2004.	  PDGF	  and	  cardiovascular	  disease.	  Cytokine	  Growth	  Factor	  Rev	  15:	  237-­‐
254.	  
Ramasamy	  SK,	  Mailleux	  AA,	  Gupte	  VV,	  Mata	  F,	  Sala	  FG,	  Veltmaat	  JM,	  Del	  Moral	  PM,	  De	  
Langhe	  S,	  Parsa	  S,	  Kelly	  LK	  et	  al.	  2007.	  Fgf10	  dosage	  is	  critical	  for	  the	  amplification	  
of	  epithelial	  cell	  progenitors	  and	  for	  the	  formation	  of	  multiple	  mesenchymal	  
lineages	  during	  lung	  development.	  Dev	  Biol	  307:	  237-­‐247.	  
Randell	  SH.	  2006.	  Airway	  epithelial	  stem	  cells	  and	  the	  pathophysiology	  of	  chronic	  
obstructive	  pulmonary	  disease.	  Proc	  Am	  Thorac	  Soc	  3:	  718-­‐725.	  
Rawlins	  EL,	  Clark	  CP,	  Xue	  Y,	  Hogan	  BLM.	  2009a.	  The	  Id2+	  distal	  tip	  lung	  epithelium	  contains	  
individual	  multipotent	  embryonic	  progenitor	  cells.	  Development	  136:	  3741-­‐3745.	  
Rawlins	  EL,	  Hogan	  BLM.	  2008.	  Ciliated	  epithelial	  cell	  lifespan	  in	  the	  mouse	  trachea	  and	  lung.	  
Am	  J	  Physiol	  Lung	  Cell	  Mol	  Physiol	  295:	  L231-­‐234.	  
Rawlins	  EL,	  Okubo	  T,	  Xue	  Y,	  Brass	  DM,	  Auten	  RL,	  Hasegawa	  H,	  Wang	  F,	  Hogan	  BLM.	  2009b.	  
The	  role	  of	  Scgb1a1+	  Clara	  cells	  in	  the	  long-­‐term	  maintenance	  and	  repair	  of	  lung	  
airway,	  but	  not	  alveolar,	  epithelium.	  Cell	  Stem	  Cell	  4:	  525-­‐534.	  
Rawlins	  EL,	  Ostrowski	  LE,	  Randell	  SH,	  Hogan	  BLM.	  2007.	  Lung	  development	  and	  repair:	  
contribution	  of	  the	  ciliated	  lineage.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  104:	  410-­‐417.	  
	   	   	  138	  
Reynolds	  SD,	  Hong	  KU,	  Giangreco	  A,	  Mango	  GW,	  Guron	  C,	  Morimoto	  Y,	  Stripp	  BR.	  2000.	  
Conditional	  clara	  cell	  ablation	  reveals	  a	  self-­‐renewing	  progenitor	  function	  of	  
pulmonary	  neuroendocrine	  cells.	  Am	  J	  Physiol	  Lung	  Cell	  Mol	  Physiol	  278:	  L1256-­‐
1263.	  
Rock	  JR,	  Gao	  X,	  Xue	  Y,	  Randell	  SH,	  Kong	  Y-­‐Y,	  Hogan	  BLM.	  2011.	  Notch-­‐dependent	  
differentiation	  of	  adult	  airway	  basal	  stem	  cells.	  Cell	  Stem	  Cell	  8:	  639-­‐648.	  
Rock	  JR,	  Hogan	  BLM.	  2011.	  Epithelial	  progenitor	  cells	  in	  lung	  development,	  maintenance,	  
repair,	  and	  disease.	  Annu	  Rev	  Cell	  Dev	  Biol	  27:	  493-­‐512.	  
Rock	  JR,	  Onaitis	  MW,	  Rawlins	  EL,	  Lu	  Y,	  Clark	  CP,	  Xue	  Y,	  Randell	  SH,	  Hogan	  BLM.	  2009.	  Basal	  
cells	  as	  stem	  cells	  of	  the	  mouse	  trachea	  and	  human	  airway	  epithelium.	  Proc	  Natl	  
Acad	  Sci	  U	  S	  A	  106:	  12771-­‐12775.	  
Rock	  JR,	  Randell	  SH,	  Hogan	  BLM.	  2010.	  Airway	  basal	  stem	  cells:	  a	  perspective	  on	  their	  roles	  
in	  epithelial	  homeostasis	  and	  remodeling.	  Dis	  Model	  Mech	  3:	  545-­‐556.	  
Rockich	  BE,	  Hrycaj	  SM,	  Shih	  HP,	  Nagy	  MS,	  Ferguson	  MA,	  Kopp	  JL,	  Sander	  M,	  Wellik	  DM,	  
Spence	  JR.	  2013.	  Sox9	  plays	  multiple	  roles	  in	  the	  lung	  epithelium	  during	  branching	  
morphogenesis.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  110:	  E4456-­‐4464.	  
Romano	  RA,	  Birkaya	  B,	  Sinha	  S.	  2007.	  A	  functional	  enhancer	  of	  keratin14	  is	  a	  direct	  
transcriptional	  target	  of	  deltaNp63.	  J	  Invest	  Dermatol	  127:	  1175-­‐1186.	  
Romano	  RA,	  Ortt	  K,	  Birkaya	  B,	  Smalley	  K,	  Sinha	  S.	  2009.	  An	  active	  role	  of	  the	  DeltaN	  isoform	  
of	  p63	  in	  regulating	  basal	  keratin	  genes	  K5	  and	  K14	  and	  directing	  epidermal	  cell	  
fate.	  PLoS	  One	  4:	  e5623.	  
	   	   	  139	  
Rousseau	  M,	  Crutchley	  JL,	  Miura	  H,	  Suderman	  M,	  Blanchette	  M,	  Dostie	  J.	  2014.	  Hox	  in	  
motion:	  tracking	  HoxA	  cluster	  conformation	  during	  differentiation.	  Nucleic	  Acids	  Res	  
42:	  1524-­‐1540.	  
Schindelin	  J,	  Arganda-­‐Carreras	  I,	  Frise	  E,	  Kaynig	  V,	  Longair	  M,	  Pietzsch	  T,	  Preibisch	  S,	  
Rueden	  C,	  Saalfeld	  S,	  Schmid	  B	  et	  al.	  2012.	  Fiji:	  an	  open-­‐source	  platform	  for	  
biological-­‐image	  analysis.	  Nat	  Methods	  9:	  676-­‐682.	  
Shannon	  JM,	  Hyatt	  BA.	  2004.	  Epithelial-­‐mesenchymal	  interactions	  in	  the	  developing	  lung.	  
Annu	  Rev	  Physiol	  66:	  625-­‐645.	  
Shen	  X,	  Liu	  Y,	  Hsu	  Y-­‐J,	  Fujiwara	  Y,	  Kim	  J,	  Mao	  X,	  Yuan	  G-­‐C,	  Orkin	  SH.	  2008.	  EZH1	  mediates	  
methylation	  on	  histone	  H3	  lysine	  27	  and	  complements	  EZH2	  in	  maintaining	  stem	  
cell	  identity	  and	  executing	  pluripotency.	  Mol	  Cell	  32:	  491-­‐502.	  
Signoretti	  S,	  Waltregny	  D,	  Dilks	  J,	  Isaac	  B,	  Lin	  D,	  Garraway	  L,	  Yang	  A,	  Montironi	  R,	  McKeon	  F,	  
Loda	  M.	  2000.	  p63	  is	  a	  prostate	  basal	  cell	  marker	  and	  is	  required	  for	  prostate	  
development.	  Am	  J	  Pathol	  157:	  1769-­‐1775.	  
Simon	  C,	  Chagraoui	  J,	  Krosl	  J,	  Gendron	  P,	  Wilhelm	  B,	  Lemieux	  S,	  Boucher	  G,	  Chagnon	  P,	  
Drouin	  S,	  Lambert	  R	  et	  al.	  2012.	  A	  key	  role	  for	  EZH2	  and	  associated	  genes	  in	  mouse	  
and	  human	  adult	  T-­‐cell	  acute	  leukemia.	  Genes	  Dev	  26:	  651-­‐656.	  
Simon	  J,	  Chiang	  A,	  Bender	  W.	  1992.	  Ten	  different	  Polycomb	  group	  genes	  are	  required	  for	  
spatial	  control	  of	  the	  abdA	  and	  AbdB	  homeotic	  products.	  Development	  114:	  493-­‐
505.	  
Simon	  JA,	  Kingston	  RE.	  2009.	  Mechanisms	  of	  polycomb	  gene	  silencing:	  knowns	  and	  
unknowns.	  Nat	  Rev	  Mol	  Cell	  Biol	  10:	  697-­‐708.	  
	   	   	  140	  
Snitow	  ME,	  Li	  S,	  Morley	  MP,	  Rathi	  K,	  Lu	  MM,	  Kadzik	  RS,	  Stewart	  KM,	  Morrisey	  EE.	  2015.	  
Ezh2	  represses	  the	  basal	  cell	  lineage	  during	  lung	  endoderm	  development.	  
Development	  142:	  108-­‐117.	  
Song	  H,	  Yao	  E,	  Lin	  C,	  Gacayan	  R,	  Chen	  M-­‐H,	  Chuang	  P-­‐T.	  2012.	  Functional	  characterization	  of	  
pulmonary	  neuroendocrine	  cells	  in	  lung	  development,	  injury,	  and	  tumorigenesis.	  
Proc	  Natl	  Acad	  Sci	  U	  S	  A	  109:	  17531-­‐17536.	  
Su	  I-­‐H,	  Basavaraj	  A,	  Krutchinsky	  AN,	  Hobert	  O,	  Ullrich	  A,	  Chait	  BT,	  Tarakhovsky	  A.	  2003.	  
Ezh2	  controls	  B	  cell	  development	  through	  histone	  H3	  methylation	  and	  Igh	  
rearrangement.	  Nat	  Immunol	  4:	  124-­‐131.	  
Su	  I-­‐h,	  Dobenecker	  M-­‐W,	  Dickinson	  E,	  Oser	  M,	  Basavaraj	  A,	  Marqueron	  R,	  Viale	  A,	  Reinberg	  
D,	  Wülfing	  C,	  Tarakhovsky	  A.	  2005.	  Polycomb	  group	  protein	  ezh2	  controls	  actin	  
polymerization	  and	  cell	  signaling.	  Cell	  121:	  425-­‐436.	  
Tata	  PR,	  Mou	  H,	  Pardo-­‐Saganta	  A,	  Zhao	  R,	  Prabhu	  M,	  Law	  BM,	  Vinarsky	  V,	  Cho	  JL,	  Breton	  S,	  
Sahay	  A	  et	  al.	  2013.	  Dedifferentiation	  of	  committed	  epithelial	  cells	  into	  stem	  cells	  in	  
vivo.	  Nature	  503:	  218-­‐223.	  
Tian	  Y,	  Zhang	  Y,	  Hurd	  L,	  Hannenhalli	  S,	  Liu	  F,	  Lu	  MM,	  Morrisey	  EE.	  2011.	  Regulation	  of	  lung	  
endoderm	  progenitor	  cell	  behavior	  by	  miR302/367.	  Development	  138:	  1235-­‐1245.	  
Tomanek	  RJ.	  2005.	  Formation	  of	  the	  coronary	  vasculature	  during	  development.	  
Angiogenesis	  8:	  273-­‐284.	  
Tompkins	  DH,	  Besnard	  V,	  Lange	  AW,	  Keiser	  AR,	  Wert	  SE,	  Bruno	  MD,	  Whitsett	  JA.	  2011.	  Sox2	  
activates	  cell	  proliferation	  and	  differentiation	  in	  the	  respiratory	  epithelium.	  Am	  J	  
Respir	  Cell	  Mol	  Biol	  45:	  101-­‐110.	  
	   	   	  141	  
Tompkins	  DH,	  Besnard	  V,	  Lange	  AW,	  Wert	  SE,	  Keiser	  AR,	  Smith	  AN,	  Lang	  R,	  Whitsett	  JA.	  
2009.	  Sox2	  is	  required	  for	  maintenance	  and	  differentiation	  of	  bronchiolar	  Clara,	  
ciliated,	  and	  goblet	  cells.	  PLoS	  One	  4:	  e8248.	  
Tsao	  P-­‐N,	  Vasconcelos	  M,	  Izvolsky	  KI,	  Qian	  J,	  Lu	  J,	  Cardoso	  WV.	  2009.	  Notch	  signaling	  
controls	  the	  balance	  of	  ciliated	  and	  secretory	  cell	  fates	  in	  developing	  airways.	  
Development	  136:	  2297-­‐2307.	  
Ueyama	  T,	  Kasahara	  H,	  Ishiwata	  T,	  Nie	  Q,	  Izumo	  S.	  2003.	  Myocardin	  expression	  is	  regulated	  
by	  Nkx2.5,	  and	  its	  function	  is	  required	  for	  cardiomyogenesis.	  Mol	  Cell	  Biol	  23:	  9222-­‐
9232.	  
Vaughan	  AE,	  Brumwell	  AN,	  Xi	  Y,	  Gotts	  JE,	  Brownfield	  DG,	  Treutlein	  B,	  Tan	  K,	  Tan	  V,	  Liu	  FC,	  
Looney	  MR	  et	  al.	  2015.	  Lineage-­‐negative	  progenitors	  mobilize	  to	  regenerate	  lung	  
epithelium	  after	  major	  injury.	  Nature	  517:	  621-­‐625.	  
Voynow	  JA,	  Fischer	  BM,	  Roberts	  BC,	  Proia	  AD.	  2005.	  Basal-­‐like	  cells	  constitute	  the	  
proliferating	  cell	  population	  in	  cystic	  fibrosis	  airways.	  Am	  J	  Respir	  Crit	  Care	  Med	  
172:	  1013-­‐1018.	  
Wan	  H,	  Dingle	  S,	  Xu	  Y,	  Besnard	  V,	  Kaestner	  KH,	  Ang	  S-­‐L,	  Wert	  S,	  Stahlman	  MT,	  Whitsett	  JA.	  
2005.	  Compensatory	  roles	  of	  Foxa1	  and	  Foxa2	  during	  lung	  morphogenesis.	  J	  Biol	  
Chem	  280:	  13809-­‐13816.	  
Wang	  D-­‐Z,	  Olson	  EN.	  2004.	  Control	  of	  smooth	  muscle	  development	  by	  the	  myocardin	  family	  
of	  transcriptional	  coactivators.	  Curr	  Opin	  Genet	  Dev	  14:	  558-­‐566.	  
Wang	  Y,	  Morrisey	  E.	  2010.	  Regulation	  of	  cardiomyocyte	  proliferation	  by	  Foxp1.	  Cell	  Cycle	  9:	  
4251-­‐4252.	  
	   	   	  142	  
Wang	  Y,	  Tian	  Y,	  Morley	  MP,	  Lu	  MM,	  Demayo	  FJ,	  Olson	  EN,	  Morrisey	  EE.	  2013.	  Development	  
and	  regeneration	  of	  Sox2+	  endoderm	  progenitors	  are	  regulated	  by	  a	  Hdac1/2-­‐
Bmp4/Rb1	  regulatory	  pathway.	  Dev	  Cell	  24:	  345-­‐358.	  
Weaver	  M,	  Batts	  L,	  Hogan	  BL.	  2003.	  Tissue	  interactions	  pattern	  the	  mesenchyme	  of	  the	  
embryonic	  mouse	  lung.	  Dev	  Biol	  258:	  169-­‐184.	  
White	  AC,	  Xu	  J,	  Yin	  Y,	  Smith	  C,	  Schmid	  G,	  Ornitz	  DM.	  2006.	  FGF9	  and	  SHH	  signaling	  
coordinate	  lung	  growth	  and	  development	  through	  regulation	  of	  distinct	  
mesenchymal	  domains.	  Development	  133:	  1507-­‐1517.	  
Wilm	  B,	  Ipenberg	  A,	  Hastie	  ND,	  Burch	  JBE,	  Bader	  DM.	  2005.	  The	  serosal	  mesothelium	  is	  a	  
major	  source	  of	  smooth	  muscle	  cells	  of	  the	  gut	  vasculature.	  Development	  132:	  5317-­‐
5328.	  
Woodhouse	  S,	  Pugazhendhi	  D,	  Brien	  P,	  Pell	  JM.	  2013.	  Ezh2	  maintains	  a	  key	  phase	  of	  muscle	  
satellite	  cell	  expansion	  but	  does	  not	  regulate	  terminal	  differentiation.	  J	  Cell	  Sci	  126:	  
565-­‐579.	  
Wu	  S-­‐P,	  Dong	  X-­‐R,	  Regan	  JN,	  Su	  C,	  Majesky	  MW.	  2013.	  Tbx18	  regulates	  development	  of	  the	  
epicardium	  and	  coronary	  vessels.	  Dev	  Biol	  383:	  307-­‐320.	  
Wyngaarden	  LA,	  Delgado-­‐Olguin	  P,	  Su	  I-­‐h,	  Bruneau	  BG,	  Hopyan	  S.	  2011.	  Ezh2	  regulates	  
anteroposterior	  axis	  specification	  and	  proximodistal	  axis	  elongation	  in	  the	  
developing	  limb.	  Development	  138:	  3759-­‐3767.	  
Xing	  Y,	  Li	  C,	  Li	  A,	  Sridurongrit	  S,	  Tiozzo	  C,	  Bellusci	  S,	  Borok	  Z,	  Kaartinen	  V,	  Minoo	  P.	  2010.	  
Signaling	  via	  Alk5	  controls	  the	  ontogeny	  of	  lung	  Clara	  cells.	  Development	  137:	  825-­‐
833.	  
	   	   	  143	  
Xu	  C-­‐R,	  Cole	  PA,	  Meyers	  DJ,	  Kormish	  J,	  Dent	  S,	  Zaret	  KS.	  2011.	  Chromatin	  "prepattern"	  and	  
histone	  modifiers	  in	  a	  fate	  choice	  for	  liver	  and	  pancreas.	  Science	  332:	  963-­‐966.	  
Xu	  C-­‐R,	  Li	  L-­‐C,	  Donahue	  G,	  Ying	  L,	  Zhang	  Y-­‐W,	  Gadue	  P,	  Zaret	  KS.	  2014a.	  Dynamics	  of	  
genomic	  H3K27me3	  domains	  and	  role	  of	  EZH2	  during	  pancreatic	  endocrine	  
specification.	  EMBO	  J	  33:	  2157-­‐2170.	  
Xu	  M,	  Zhao	  G-­‐N,	  Lv	  X,	  Liu	  G,	  Wang	  LY,	  Hao	  D-­‐L,	  Wang	  J,	  Liu	  D-­‐P,	  Liang	  C-­‐C.	  2014b.	  CTCF	  
controls	  HOXA	  cluster	  silencing	  and	  mediates	  PRC2-­‐repressive	  higher-­‐order	  
chromatin	  structure	  in	  NT2/D1	  cells.	  Mol	  Cell	  Biol	  34:	  3867-­‐3879.	  
Yang	  H,	  Lu	  MM,	  Zhang	  L,	  Whitsett	  JA,	  Morrisey	  EE.	  2002.	  GATA6	  regulates	  differentiation	  of	  
distal	  lung	  epithelium.	  Development	  129:	  2233-­‐2246.	  
Yi	  L,	  Domyan	  ET,	  Lewandoski	  M,	  Sun	  X.	  2009.	  Fibroblast	  growth	  factor	  9	  signaling	  inhibits	  
airway	  smooth	  muscle	  differentiation	  in	  mouse	  lung.	  Dev	  Dyn	  238:	  123-­‐137.	  
Yin	  Y,	  White	  AC,	  Huh	  S-­‐H,	  Hilton	  MJ,	  Kanazawa	  H,	  Long	  F,	  Ornitz	  DM.	  2008.	  An	  FGF-­‐WNT	  
gene	  regulatory	  network	  controls	  lung	  mesenchyme	  development.	  Dev	  Biol	  319:	  
426-­‐436.	  
Yoshida	  T,	  Kawai-­‐Kowase	  K,	  Owens	  GK.	  2004.	  Forced	  expression	  of	  myocardin	  is	  not	  
sufficient	  for	  induction	  of	  smooth	  muscle	  differentiation	  in	  multipotential	  
embryonic	  cells.	  Arterioscler	  Thromb	  Vasc	  Biol	  24:	  1596-­‐1601.	  
Yu	  K,	  Xu	  J,	  Liu	  Z,	  Sosic	  D,	  Shao	  J,	  Olson	  EN,	  Towler	  DA,	  Ornitz	  DM.	  2003.	  Conditional	  
inactivation	  of	  FGF	  receptor	  2	  reveals	  an	  essential	  role	  for	  FGF	  signaling	  in	  the	  
regulation	  of	  osteoblast	  function	  and	  bone	  growth.	  Development	  130:	  3063-­‐3074.	  
	   	   	  144	  
Zacharek	  SJ,	  Fillmore	  CM,	  Lau	  AN,	  Gludish	  DW,	  Chou	  A,	  Ho	  JWK,	  Zamponi	  R,	  Gazit	  R,	  Bock	  C,	  
Jäger	  N	  et	  al.	  2011.	  Lung	  stem	  cell	  self-­‐renewal	  relies	  on	  BMI1-­‐dependent	  control	  of	  
expression	  at	  imprinted	  loci.	  Cell	  Stem	  Cell	  9:	  272-­‐281.	  
Zhao	  R,	  Fallon	  TR,	  Saladi	  SV,	  Pardo-­‐Saganta	  A,	  Villoria	  J,	  Mou	  H,	  Vinarsky	  V,	  Gonzalez-­‐
Celeiro	  M,	  Nunna	  N,	  Hariri	  LP	  et	  al.	  2014.	  Yap	  tunes	  airway	  epithelial	  size	  and	  
architecture	  by	  regulating	  the	  identity,	  maintenance,	  and	  self-­‐renewal	  of	  stem	  cells.	  
Dev	  Cell	  30:	  151-­‐165.	  
Zhou	  B,	  Ma	  Q,	  Rajagopal	  S,	  Wu	  SM,	  Domian	  I,	  Rivera-­‐Feliciano	  J,	  Jiang	  D,	  von	  Gise	  A,	  Ikeda	  S,	  
Chien	  KR	  et	  al.	  2008.	  Epicardial	  progenitors	  contribute	  to	  the	  cardiomyocyte	  lineage	  
in	  the	  developing	  heart.	  Nature	  454:	  109-­‐113.	  
	  
	  
